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FOREWORD

This supplementary report to the Air Force Final Technical Report
AFWAL-TR-88-4049, covers work performed on conceptual design of airframes
and an initial effort on computerization of mechanically fastened
assemblies, conducted under Air Force Contract No. F33615-85-C-5016
from February 1, 1989 through May 31, 1989. The Air Force Technical
Report AFWAL-TR-88-4049, dated May 2, 1988, was for the contractual
period July 26, 1985 through September 30, 1987, and included the
following subjects: airframe design, cost drivers, manufacturing cost,
composite structures, mechanically fastened assemblies and superplastic
forming of titanium alloys.

The contract was sponsored by the Computer Integrated Manufacturing
Branch, Wright Research and Development Center. During the period of
technical performance, initially the Air Force Project Manager was Lt.
Eric J. Gunther and, later, Lt. Dean B. Griffin.

Battelle's Columbus Laboratories was the prime contractor. Mr.
Bryan R. Noton was the Program Manager and Principal Investigator.
Dr. David Pherson of Battelle conducted the work on computerization.
The development of the data on which the "Manufacturing Cost/Design
Guide for Conceptual Design" is based, was accomplished under a series
of contracts. These contracts, design curves, etc., are listed in
Appendix C. Performance of this work required organizing a number of
teams. The participating aerospace companies and the project managers
for various periods, were:

Industrial Subcontractors . Project Managers
General Dynamics Corporation, Fort Worth Ben E. Kaminski
Division Phillip M. Bunting
James E. Schidler
W. T. Trice
Grumman Aerospace Corporation Vincent T. Padden
Anthony J. Tornabe
Lockheed Aircraft Systems Company, California Anthony J. Pillera
Division ' John F. Workman
Metcut Research Associates, Inc. A Robert L. Carlton
Northrop Corporation, Aircraft Group John R. Hendel
A Al P. Langlois
Rockwell International Corporation, Ralph A. Anderson

North American Aircraft Operations Kenneth A. Henn
: Leonardo Israeli

Rohr Industries, Inc. James R. Woodward
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SECTION 1.0
INTRODUCTION

The performance and quality achieved by designers and manufacturers
of defense and cormercial aircraft and space systems, where the broad
structural design objectives include strength, stiffness, fatigue, damage
tolerance, reliability and maintainability, are impressive. The challenge
today is to improve performance and quality, but with increased emphasis
on cost. A number of aerospace systems with quite diversified missions
are currently at the brief conceptual design phase. With these new
systems, acquisition, operations and maintenance costs are emphasized
as being equal in importance to performance and schedule. Meeting these
requirements within the complex aerospace manufacturing environment
presents a very difficult task for all disciplines in the systems
development process. Characteristics of this environment include a
cyclic industry, a substantial number of companies responding to the
needs of a small number of customers, minimal automation and high
technology orientation driven by the quest for product excellence.
The difficulty in designing complex systems at low cost 1is evident.
Certainly, additional innovations in design configurations, utilization
of composite materials and superplastic formed titanium and manufacturing
technology developments, 1including test, inspection and evaluation
techniques, are required. Such 1innovations are most effectively
accomplished during conceptual design. ‘

Unfortunately, it is not unusual in aerospace programs that only
a small percentage of the total development and production cost is alloca-
ted to this vital conceptual design phase. After all, the decisions
that are "molded-in-place" during that phase impact the total, frequently
multibillion dollar, operations and maintenance costs. We must also
realize that the conceptual design ‘phase or "window of opportunity”
is where the leverage exists to not only respond innovatively to design
objectives such as damage tolerance, but also, of equal importance,
to minimize cost. As time and the design process progresses, the number
of engineering decisiuns increases, but their impact decreasss tec an
almost insignificant level. Thus, it is at the developmental phase
that designers need to address the specific cost drivers related to
performance, design, materials and manufacturing, including inspection,
usually becoming evident when aralyzing the aerospace system mission
requirements. As with other design considerations, the structural con-
figuration or concept can have the most significant impact on minimizing
manufacturing, inspection and repair costs.

It is at this early phase that cost reducing features such as part
consolidation, minimized fastener count, accessibility, interchangeability
and repairability can be more easily introduced and, particularly
important, subsequent costly engineering change traffic can be reduced.
While manufacturing engineers experienced in composites are frequently
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involved at the conceptual design phase, thereby minimizing the number
of these engineering changes, it is equally important that manufacturing
technology engineers, experienced with other materials and processes,
participate in all up-front decisiuns that 1impact their discipline.
Conventional and advanced metals also contribute to meeting the system
design requirements; for example, composite panels may be supported
by low-cost metallic substructures. The economic benefits of improving
design/manufacturing interaction cannot be overstressed; it is the key
to affordable performance.

In the case of a proposed aerospace system, or ip fact any other
product, potential cost drivers 1in <soecific categories, such as
performance, design, materials, manufacturing and inspection are likely
to be apparent from the outset; {.e., when the first lines are drawn
or are displayed on the computer graphics screen. Similarly, it is
vnssible to identify potential cost drivers during the initial evaluation
of a new composite material under development to improve, for exampile,
producibility or elevated temperature performance. The curing, tooling,
inspection and facility requirements soon become apparent and, when
their cost implications are considered early on, they do not later appear
as barriers hindering technology transfer to cost-competitive products.
Cost is seldom, if ever, considered at the outset of material development.

The trade-offs between manufacturing cost and mission performance
are extremely complex with supersonic and hypersenic vehicles, Again,
it is vitally important to seek out potential cost drivers and to address
these as soon as possible. Certain cost-driving features may be identi-
fied, such as the power plant being developed parallel with the airframe,
avionics escalating in cost, high-performance accessories (also providing
opportunities for advanced materials), double curvature and tapered
structural elements and assemblies, special purpose fasteners, butt
joints and limited use of automated assembly. However, with these high
performance systems, it is unlikely that performance will be significantly
downgraded to minimize acquisition cost.

On the other hand, the performance of a higher volume production,
low-speed aircraft is more likely to be compromised in design to reduce
cost. The features of such an aircraft are that an existing engine,
avionics and accessories are expected to be specified. The airframe
may be characterized by a constant section fuselage, constant section
control surfaces, interchangeable components, 1lap Jjoints, common use
tooling, and maximum use of automatic riveting.

Because of the impressive progress, service experience and subsequent
designer and management confidence in several families of polymer-matrix
composites, these engineering materials have for some time been con-
Sidered by designers as cost-competitive candidates with aluminum and
titanium. Therefore, it is important to stress the significance of




the conceptual design phase leverage for maximizing the impact of
decisions; for identifying, analyzing and addressing cost drivers with
materials, manufacturing technology and systems; and for ensuring that
interaction is achieved not only between design and manufacturing for
composites, but also for all other candidate materials and manufacturing
technologies. When this is accomplished, the cost of engineering change
traffic, that can be responsible for 20 to 30 percent of the cost of
the first production system, and expensive redesign and rework of tooling,
will be substantially reduced. Cost must be reduced by identifying
cost drivers and promoting interdisciplinary interaction from day one!

To accomplish cost driver avoidance from day one, a "Manufacturing
Cost/Design Guide" (MC/DG) has been assembled for use in the conceptual
design phase. This MC/DG for conceptual design 1is presented with two
categories of charts of formats. These are firstly, those that show
the cost trends or hazards and are presented in a manner which enables
the designer to rapidly achieve an overview for both materials and manu-
facturing methods, and the second category of formats provide relative
or qualitative cost comparisons between materials, manufacturing,
inspection and dimensional alternatives. To conduct trade-off studies
providing the total manufacturing and inspection cost' for each design
solution to the system performance and other objectives or, to determine
the total system and program cost, designers must consult References
5, 7 and 8 describing earlier phases of these Air Force contracts.

A computerized MC/DG can be utilized by designers to perform many
tasks determining the impact of often critical information that would
otherwise be time consuming, intricate and bothersome, if these effects
have to be determined throygh design charts. Potential applications
of a computerized MC/DG in design is to determine the impact of price
fluctuaticns typical with material shortages, energy problems, inflation
and the introduction of precduction methods which result in changes in
the utilization rate of materials and, therefore, the capability to
utilize accurate current and/or projected material costs. This is
particularly true at the conceptual and preliminary design phases where
attempts to meet the performance objectives are made by wutilizing
significant quantities of advanced materials, which are 1initially
expensive.

The determination of the impact of the Tlocation on the learning
curve of the production quantity under consideration for trade-off studies
is important. The current MC/DG data are based on urit 200, but the
prototype development of aircraft requiring, for example, trade-off
studies for five aircraft only, would have a much higher manufacturing
cost based on the learning curve. At the other end of the scale, is
a large production contract with obvious implications.




A computerized MC/DG would also be of use in determining the impact
of lot release size, especially for those of less than 25 units. For
most manufacturing technologies, beyond 25 units, the impact of Tlot
size is negligible for the purpose of typical trade-off studies; but
lot sizes below 15 units have, in most cases, a dramatic impact on cost.

The computerized design guide would be an invaluable aid in extra-
polating and interpolating dimensional data of airframe parts and
assemblies. The function of the computerized MC/DG is, in reality,
more of a necessity than of a convenience, because it is not possible
for the hard copy to contain all possible dimensions of aerospace parts.
In order to conduct a trade-off study, the designer must be able to
input the part dimensions.

Another useful feature of a computerized MC/DG would be the ability
to retrieve earlier design trade-off details in a readily usable and
recognizable form. This would allow the designer to quickly evaluate
past designs and determine what features would be applicable to the
present problem and what cost drivers to avoid. This feature wouid
be helpful to designers in preparing presentations to management detailing
how the chosen configuration for the part under study was developed
based on past experience, forecasts and, thus, imparting confidence
to the trade-off study conducted.

In summary, 2 computerized MC/DG can also be utilized by designers
to:

o Determine the impact of material price fluctuations

ST S Lo 2 e ~ 5 i
o Determine ihe impact of learning curve base, i.e

quantity ordered

.s aircraft

o Determine the impact of lot size other than current data for
the detail ground rule of 25 '

e Determine the impact of labor-rate increases

@ Retrieve earlier design trade-off data in ¢ readily usable and
recognizable form

e Extrapolate and interpolate dimensional data of part and assembly
manufacture.

The following are the principal features of the Air Force
"Manufacturing Cost/Design Guide":

e Provides the design engineer with the capability to rapidly
conduct, with high confidence levels, trade-off studies on cost
vs. performance of conventional and emerging manufacturing
technologies and materials vs. state-of-the-art technologies
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Enables design engineers to identify and avoid cost drivers
when utilizing conventional and emerging materials and
manufacturing technologies

Provides the design engineer with a singie comprehensive source
of qualitative and quantitative (man-hour and cost) data related
to several conventional and emerging materials and manufacturing
technologies, 1instead of a large aumber of technical reports,
each related to one specific technology or material and each
based on markedly different ground rules

The cost data provided in the guide are based on industry averages
and not from a single company. The guide has been developed
by a team and is, therefore, unbiased information conforming
to accepted ground rules

The guide is prepared in design engineer's language. The designer
can, therefore, readily analyze and utiiize the data required.

Enables the manufacturer to validate, for the customer, cost
proposals utilizing various materials and manufacturing
technologies

Provides actual cost data and cost avoidance information
(qualitative) applicable at all design phases including for
determining the cost impact of engineering changes

One of the major deterrents to the introduction of emerging
materials and technologies is a lack of comparative cost data.
The MC/DG, by providing such manufacturing man-hour data, enables
trade-off studies to be conducted and thus removes this deterrent

Alerts design ergineer to the fact that he or she may achieve
increased performance wusing advanced materials and new
manufacturing technologies at costs competitive with conventional
materials and processes

Promotes interaction between design and manufacturing engineering
and the teamwork necessary to successfully ntroduce innovative
structural configurations, new materials and wmanufacturing
technologies

Reduces necessity of down-stream changes by bringing to the
attention of the design engineer the impact of decisions on
designer-influanced cost elements (DICE) and other cost drivers,
early in the design phase




e Provides cost drivers related to test, inspection and evaluation
(TI&) and tooling cost, as well as manufacturing cost, and
therefore guides the designer in developing components and
structures that are easier to inspect

e Provides manufacturing cost data in basic formats: cost driver
effects, cost-estimating data and DICE, for discrete parts through
subassemblies

e Companies wishing to apply new materials and manufacturing

technologies have a source of industry developed cost data on
which to base decisions.
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SECTION 2.0
SPECIAL ASSIGNMENTS

2.1 CONCEPTUAL DESIGN PROCESS

This volume of the design guide enables designers to address
acquisition costs. Designers are rated on their performance with respect
to cost, weight and schedule in aerospace systems design, Figure 2.1-1.
The design guide addresses, at this time, only acquisition costs.
However, the designer must also be innovative with respect to design
for reliability and maintainability (R&M), now considered as co-equals
of acquisition cost, performance and schedule. Each of these cost factors
must be considered from day one.

The decreasing leverage for cost savings is shown in Figure 2.1-2.
A brief window of opportunity exists, during which only a small percentage
of the total systems development and production cost is expended. How-
ever, the decisions then made will influence the cumulative program
cost, which for many systems will be billions of dollars. Commitment
decisions are made at the conceptual design phase influencing all invest-
ments. The exploratory phase may range from three to five years, and
for the advanced development phase, an additional three to five years
may be necessary. It is during this period that advanced technologies
need to be applied to fully exploit the unique advantages of these
materiais or processes. Later in the development process, form, fit
and function requirements will preclude utilizing all advantageous
properties of emerging materials. At the beginning of the prototype
phase, 90-95% of the total program cost may have been committed. In
Reference 9, Mr. J. Gallagher, Chairman, Design Integration Subcommittee,
Design Engineering Committee, American Institute of Aeronautics and
Astronautics (AIAA), provided the following information illustrating
the distribution and number of designers involved in the conceptual

ead a Ao

through support stages of a fighter aircraft:

Conceptual Preliminary

Design Design Development Production  Support
Designers 10 50 250 100 100
Analysts 50 150 550 50 25

However, such comparisons may be complicated by some designers being
analysts and drafters and vice versa. In the exploratory development
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stages, even for extremely complex systems, such as intercontinental
ballistic missiles, the number of conceptual designers may be only two
or three and the length of the total program, which includes production,
mav run from two to three decades.

Typical decisions made from the preproposal through manufacturing
phases are shown in Figure 2.1-2, This, of course, is a generic diagram
and will not be applicable in all aerospace organizations. The abbrevia-
tions DTC and MTC refer to design-to-cost and manufacturing-to-cost,
respectively.

During each design phase shown in Figure 2.1-3, tooling decisions
are made. Tooling costs are normally cost-drivers. The life of the
tools must be amortized throughout the duration of the program. Typical
tooling decisicns are shown in Figure 2.1-4, Again, this is a generic
diagram and is not expected to apply to all aerospace companies. However,
Figures 2.1-3 and 2.1-4 are useful in indicating to unseasoned designers
the impact of other disciplines on their decisions and system objectives.

2.2 CONCEPTUAL DESIGN APPLICATIONS OF COST/DESIGN GUIDE

Seven volumes of the "Manufacturing Cost/Design Guide" (MC/DG)
have been prepared to enable trade-off studies to be conducted at ali
phases of the design process. The conceptual designer must be aware
of cost-driver hazards and the decisions that can alleviate or avoid
them. Toward this end, the "MC/DG for Conceptual Design" provides timely
analysis of the materials and manufacturing technologies currently in

use in the aerospace industry.

As pointed out earlier in this report, designers must consider
cost with weight and other performance critical factors from day one.
However, trade-off studies of the types which precede each manufacturing
technology section of the MC/DG volumes prepared, are not necessarily
applicable at day one. For example, the MC/DG volumes in References

- 5, 7 and 8 are used when the number of frames, longerons and stringers

and their geometries for a fuselage panel assembly have been determined.
It is therefore appropriate to present first, an overview of the cost
hazards for each of the technologies and materials analyzed in References
5, 7 and 8 and, second, comparative charts or formats showing the impact
of manufacturing technologies, discrete part dimensions, etc. These
two groups of formats or charts are presented in Sections 2.3.1 and
2.3.2, respectively, and are applied in the conceptual design phase
where 1innovative structural design concepts need to be developed. It
is at this time, that the manufacturing methods, including assembly
techniques, are, in general, determined. In the case of a fuselage
panel, the materials and configuration of skins, panels, frames and
stringers (number and shapes), are determined.
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The applicability of the two categories of conceptual design formats
is shown in Figure 2.1-5, To determine the data on which these curves
are based, a series of discrete parts, i.e., base parts with designer
influenced cost elements (DICE) were analyzed using cost estimating
methods generally accepted throughout industry. These methods are
discussed in Reference 5, and typical parts anaiyzed are shown in Figure
2.1-6. The base parts, DICE and joining trade-off factors for sheet
metal assemblies are shown in Figure 2.1-7 to indicate how a trade-off
study is conducted. The interaction between the MC/DG and the design
process is shown in Figure 2.1-8. In the latter figure, it will be
noted that when selecting the material, etc., the designer must consider
factors such as temperature, environment, galvanic compatibility, material
allowables, heat treatment, damageability, fatigue l1ife and available
space.

The formats or charts are presented in such a way that the designer
can identify and maximize the number of cost-drivers addressed during
the design process. The illustrations are also intended to stimulate
designer interest in reducing costs and are, therefore, structured to
address the needs of the designer in a simple, not time consuming way.

In summary, the input at the conceptual design phase considerations
will include quantity, aerospace system general configuration, loads,
cost/weight relationships, maintenance and environmental factors. The
output, using the "MC/DG for Conceptual Design", will be affordable
conceptual designs, material systems, assembly configurations with some
details and cost/weight-effective wuse of emerging materials and
manufacturing technologies -- all leading to lower acquisition costs.
However, it should be stressed that the complete series of MC/DG volumes
can also be wutilized to evaluate the production costs of various
alternative designs, which not only respond to weight and similar
performance requirements, but also to the maintenance and repair
requirements of the life cycle of the system.

2.3 CONCEPTUAL DESIGN GUIDE ORGANIZATION

2.3.1 Cost Hazard Avoidance

Each format included in this section indicates the magnitude
(relative or actual) of one or more cost-drivers. Due to the complexity
of some of the manufacturing processes, diagrams have been prepared
to quickly reveal potential cost hazards. For example, in the case
of machining, the increase or decrease of cost, material removal rate,
or material utilization, is presented as a function of the primary
parameter in this diagram. The diagrams are prepared not only to guide
the conceptual designer in the direction of low-cost structural assemblies
and discrete parts, but also to provide guidance to manufacturing,
procurement and management personnel, and indeed the customer, with
a ready overview of these cost-drivers. By utilizing References §,
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SHEET-METAL AEROSPACE BASE PARTS
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FIGURE 2.1-6 SAMPLE PARTS USED TO DERIVE COST DATA FOR MC/DG
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2-8




-———— ....l NON-RECURRING
o SYSTEMS DISCRETE PART TOOLING COST
INSTALLATION o S2CE
o NEXT ASSEMBLY ! X
st [ ol
" o CLEARANCE

MANUFACTURING COST/DESIGN GUIDE
DESIGN PROCESS INTERACTION

- et wae aEm ey

© LOADING r BASE PART BASE PART l ® TEMPERATURE
» WEIGHT | SHAPE | I MATERIAL | { © ENVIRONMENT
© SPACE l CANDIDATES CANDIDATES | . g‘:&m'c COMPATIBILITY
© NEXT ASSEmBLY SELECTION SELECTION ® MATERIAL ALLOWABLES
‘ ' b e — @ HEAT TREATMENT

» FRACTURE MECHANICS/FATIGUE

BAZE PART

LOWEST COST
MANUFACTURING PROCESS

SHAPE-SIZE
RELATIVE COST

TRADE STUDIES
| COST/WEIGHT

BASE PART

ST

DISCRETE PART DISCRETE PARY
TRADE STUDIES LOWESY COST

w
COST/WEIGHT l ™ MANUFACTURING PROCESS
+

—— -
NON-RECURRING
TOOLING COSY
— —— e c— ——
|

' Dl-;iCRETE PART DISCRETE PAR:-‘
l D.I.C.E.* l L SELECTION

DISCRETE PART

DI.C.E.*
RELATIVE COST

NEGOTIABLE | _————— LEGEND:
———— - MFG. COST/DES. GUIDE
. FUNCTION
* DESIGN INFLUENCED COST ELEMENTS r-
(COMPLEXITIES 1.0. JOGGLES, LIGHTENING HOLES, etc) L_} DESIGNER FUNCTION

FIGURE 2.1-8 MAN.UFACTURIHG COST/DESIGN GUIDE AND DESIGN PROCESS INTERACTION

2-9




7 and 8, the designer can determine the man-hours of each cost-driver.
Such guidance will prove o be very useful to inexperienced or unseasoned
designers, who may not have shop experience or have been trained in
design at the colleges or universities. Furthermore, these diagrams
promote and encourage design/manufacturing interaction, so important
in achieving 1lower cost aerospace systems that perform efficiently
throughout their life cycle.

Serving as an example, let us study machining. The most significant
cost-drivers are:

e Materials type and heat treat range
¢ Volume of material removed

¢ Surface. finish requirements

o Dimensional tolerances.

When designing machined bulkheads, frames, ribs or spars, the designer
must address the following cost-drivers:

o Size e Varying flange angles
¢ Material removed o Boring and drilling of holes
o Pockets or slots o Varying corner radii and schamfers

e Internal stiffeners

Further, in the case of machining, the following are a series of designer
influenced cost elements (DICE) which must be consider:

e Taper . e Webs/flanges
e Pockets o Tolerances
e Blind holes o Surface finish.

It is again important to emphasize that material selection for
an airframe is a complex process that does not relate only to cost.
Factors frequently involved in finalizing, for example, an alloy selection
and which may precede cost considerations are:

e Tensile and compressive strengths

e Bearing strength

e Fatigue strength

¢ Damage tolerance
2-10




e Corrosion avoidance

e Available space for the part.

2.3.1.1 Manufacturing Technolcgies _

This report section addresses the manufacturing technologies which
have been earlier analyzed and provides the designer with an overview
of significant cost-drivers, many of which need to be addressed at the
outset of system development. The majority will eventually be considered
in trade-off studies until the production go-ahead is given. These
manufacturing technologies considered here are for:

o Sheet metal

o Extrusions

e Castings

o Forgings

e Machining (metals)

e Mechanically fastened assemblies

e Composite methods

e Superplastic forming.

2.3.1.2 Test, Inspection and Evaluation

In many trade-off studies, the man-hours involved in the complex
test, inspeccion and evaluation (TI&E) processes are seldom evaluated
or included in the analysis. In some cases, results of the trade-off
studies will not be mearingful or of sufficient accuracy unless the
man-hours for TI& are included. In this section, a series of
illustrations are presented to guide the designer with respect to TI&E.
The technologies included are:

e Casting
o Forging

¢ Composites

Assembly.

2-11




2.3.2 Cost-Driver Effect Design Charts

2.3.2.1 Manufacturing Technologies

The objective of this section of the "MC,/DG for Conceptual Design"
is to provide the relative cost of various cost drivers, materials and
manufacturing technologies, for the following:

o Sheet metal

¢ Extrusions

e Castings

e Forgings

¢ Machining (metals)

o Mechanically fastened assemblies

e Composites

e Superplastic forming (SPF)

e Test, inspectioh and evaluation (TI&E).

Again, these formats are not used for trade-off studies, but are intended
to guide the designer, from the outset, in the development of lower-cost
discrete parts, structural design configurations and assemblies. In
several instances, the designer influenced cost elements (DICE) are
also presented to indicate to the designer the potential cost of certain
design refinements normally specified. By reviewing these qualitative
formats, the designer will be able to make high-confidence decisions
leading to low-cost designs, while also meeting the other design require-
ments mentioned earlier, e.g., ease of repair. In each case, the formats
have been based on calculations in accordance with detailed and general
ground rules pubiished in References 5, 7 and 8.

2.3.2.2 Test, Inspection and Evaluation

The need for qualitative and quantitative data for test, inspection
and evaluation (TI&E) was discussed in Section 2.1.1.2 of this report.
The formats showing relative trends for sheet metal, composites and
machining are included in the second category for conceptual design
use. However, the user should also refer to the cost-driver effect
(CDE) volumes (References 5, 7 and 8) for additional information useful
to design for ease of inspection.
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2.4 FORMAT AND GROUND RULE LOCATORS

A large number of designer-oriented formats or charts have been
prepared under four Air Force contracts from 1975 through 1988. These
contracts are:

e F33615-75-C-5194

e F33615-77-C-5027

e F33615-79-C-5102

e F33615-85-C-5016.

The series of volumes contain both formats and ground rules for
manufacturing technologies applicable to both metallic and composite
materials and structures.

To aid designers in retrieving this data, a series of format and

ground rule locators have been prepared. These locators are included
in this report as Appendix C. )
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2.5 LEARNING CURVES
2.5.1 The Theoretical Curve

During the application of the MC/DG for conducting trade-off studies
between structural performance (which also includes such considerations
as damageability, corrosion, etc.) and manufacturing cost, it is necessary
to refer to typical aerospace industry learning curve factors such as
shown in Table 2.5-1.

In referring to the ground rules for the various manufacturing
technologies in References 5, 7, and 8, the designer needs to have some
knowledge of those costs which are included or omitted in the ground
rules unde: recurring and nonrecurring cost categories. These are
indicated below:

a) Recurring Costs

® Rate or production tooling (tool design, numerically controlled
programming, production planning, tool manufacturing)

e Tool maintenance (repair, realignment and refurbishment)
"o Production labor

e Inspection labor (quality control)

e Material cost (raw material and procurement)

e Engineering changes (increase or decrease cost)

e Engineering maintenance (liaison, etc.)

e Manufacturing engineering (liaison)

e Production control

o Production planning (work orders, etc.)

o Industrial engineering

@ Configuration control/verification

¢ Methods, studies and improvements _

e Perishable or consumable tools (cutters/drills, reamers, etc.)
e Facilities and equipment maintenance

‘® Recruiting and training personnél.
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TABLE 2.5-1 TYPICAL AERQSPACE INDUSTRY LEARNING CURVE VALUES

Learning Curve

Manufacturing Category Value
Assembly; Controls 85%
Assembly; Electrical 80%
Assembly; Hydraulics, Pneumatics 85%
Structural Assembly - Bench (Sheet Metal Parts) 85%
Structural Assembly - Floor 75%
Structural Assembly - Final ~ 10%
Mechanism Assembly - Bench (Machined Parts) 80% .
Functional Installation 65%
Machining; Conventional 80%
Machining; Numerical Control 95%
Filament Winding A 85-90%
Pultrusion/Wrapping : 85%
Sheet Metal Fabrication 90%
Composite Lay-up . 85%
Adhesive Bonding |

- Assembly 75-80%
- Curing 90%
Brazing 75%
Welding ' 76-80%
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b) Nonrecurring costs

Basic engineering design/specifications

Initial or basic manufacturing engineering costs (tool design,
NC programming, production planning and tool manufacturing)

Rearrangement costs for factory and facilities for new products
and new equipment

.Tool inspection of basic and initial tooling

Bidding/proposal cost
Engineering testing and evaluation

0rig;nal industrial engineering (time standard data/line loading,
etc.

Quality control procedures/testing support.

A typical learning curve for military aircraft production is shown
in Figure 2.5-1.

2.5.2 Actual Learning Curves

For any product to be competitive, learning must always be achieved.

However,

there are specific, frequently observed reasons for failure

to achieve learning improvement, and these include:

Basic cost estimating inaccuracies
Inconsistent ground rules

Economic order quantity not achieved throughout program (schedules
may be stretched on large projects)

Skilled labor turnover on multiyear projects

Quality assurance costs are initially underestimated, especially
for advanced materials and joining methods

Significant engineering changes incorporated after production .
go-ahead
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o Past experience may not be carried over for all project types

o Lack of financial incentives

¢ Flow of materials and parts not optimized, e.g., group technology
and computer integrated manufacturing system may not be widely
used

o Cost schedule monitoring through manufacturing to output require-
ments inadequate

e Lack of emphasis on sustaining engineering to minimize high
cost areas.

It should be noted that a larger numder of formats or charts are
included for superplastic forming (SPF) than for the other manufacturing
technologies in the "MC/DG for Conceptual Design". For certain categories
of aerospace vehicles, SPF is still considered to be an emerging
technology. Probably the most effective way to achieve technology
transfer of an emerging technology 1s to provide cost information at
the outset of system's development. This enables the designer to
establish realistic cost-effectiveness values of merit to Jjustify the
use of the technology. The data also enables the designer to address
any cost-drivers with the emerging technology and to request assistance
of manufacturing engineering and other associated disciplines.
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~ Cutter l.ongthlolamotor




DESIGNERS! COST TRENDS

MANUFACTURING
- MACHINING:

AK

Cutter Diameter

N rimescon

N

Web Thickness

Time; Cost

Time; Cos!

Flange Radius

b

L

Slot Depth

Time; Cost

Time; Cost

/

Hole Depth

2-25

Time; Cost

\’

Flange Thickness

.

8 /
e
E
=

Rib Depth -
®
S
g
-

Pocket Depth Euns
®
8
g
ot

Bolt Size/Hardness

Time; Cost

1/

Holz Diameter/Tolerance




DESIGNERS! COST TRENDS

MANUFACTURING
MACHINING:

Time; Cost

_—

-
Edge Radll & Tolerance

Tim

—

internal Spline Count/Length

any

Time; Cost

4

Aliowable Mismatch

2-26

L

External Spline Count/Diameter

|

" Internal Keyway Length

A

/

i

Time; Cost

Burr Length




DESIGNERS! COST TRENDS

MANUFACTURING
MECHANICALLY FASTENED ASSEMZLIES:

ALUMINUM SPAR

Cost

Mat. Fab.

//%%_

ALUMINUM WING PANELS

Mat. Fab. Assy.

ALUMINUM WING BOX

NN

RIBS & BULKHEADS

‘m_mm_
Mat. Fab. Assy.

Cost

Cost
\
\
\
|}
\
%
3
1}
I}

-
-
-
-

-

Part Count

Stee!

A %

Rivet Materials

Cost

ALUMINUM

Cost

Percent. Auto.

TITANIUM

Cost

Percent. Auto.




DESIGNERS! COST TRENDS

MANUFACTURING
CARBON/EPOXY COMPOSITES:

2%
3%
- 3
Tape Width
g.‘
Es
2o
‘- T I
I
Lineal Shapes
Bead
g Flat Si
‘E % L) ne
38
(4
= .
Web Types
2. 4_
B M S
o
Tooling

2-28

Recurtring

\

i

Degree of Automation

gA
i

\_

S

Curvature of Lineal Shapes

SKIN: SINGLE CURVATURE

TJooling Cost

LINEAL SHAPES

/

Part Length




DESIGNERS! COST TRENDS

MANUFACTURING

RUBBER BAGS

COCURED ASSEMBLY

e

Tb

Cost

Totai Tool Area

2-29

CARBON/EPOXY COMPOSITES:

EXPANDABLE TOOLING
ASSEMBLY COST

Bond Area

:

Doubler Area




DESIGNERS! COST TRENDS

MANUFACTURING
SUPERPLASTIC FORMING/TITANIUM:

Fabrication

r

DIAPHRAGM DRAPE

3/—- ] |

3[/.’ _ 3[\ |

PartCount - ‘ Span/Depth Ratio

2-30




DESIGNERS! COST TRENDS

MANUFACTURING
SUPERPLASTIC FORMING/ TITANIUM:

i T

*m

Male Radius

i

.%3 /

Ceramic Al Suponl.
]

L

Tool Materials

I

Drait Angle

2-31

st\b

Female Radius

Chem. Mill Area

. égl\

Surface Finish




DESIGNERS! COST TRENDS

TEST, INSPECTION & EVALUATION FOR

ASSEMBLIES:

ALUMINUM ASSEMBLIES

ALUMINUM AND TITANIUM
ASSEMBLIES: TOOLING COST

2-32

TITANIUM ASSEMBL:




.

DESIGNERS! COST TRENDS

TEST, INSPECTION & EVALUATION FOR

CASTINGS:

ALUMINUM AND STEEL
CASTINGS

ALUMINUM AND STEEL
CASTINGS

Box VWoiume

Flim Area

|

PENETRANT

Casting Weight

e

MAGNETIC
PARTICLE

(I

Casting Weight




DESIGNERS! COST TRENDS
TEST, INSPECTION & EVALUATION FOR

FORQINGS:

-

2-34

ULTRASONIC: ALUMINUM
PRECISION FORGING

"

Plan Area

i




DESIGNERS! COST TRENDS

TEST, INSPECTION & EVALUATION FOR
CARBON/EPOXY COMPOSITES:

STRINGERS (RECURRING)

SKIN: SINGLE CURVATURE

Length

F
Area
WERB: SINE WAVE
e

. CUT-QUTS & DOUBLERS

)| _—

—

Quantity

STRINGERS

SKIN: SINGLE CURVATURE

| —

2

Length




CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AIDS FOR
TECHNOLOGY COST GUIDANCE

SHEET METAL

1
EXTRUSIONS
1
CASTINGS

1
FORGINGS

MACHINING
(METALS)

MECHANICALLY-
FASTENED ASSEMBLIES

|
COMPOSITES

1

SUPERPLASTIC FORMING (SPF)
AND SPF DIFFUSION BONDING
(SPF/DB)

|

TEST, INSPECTION AND
EVALUATION (TI&E)

FIGURE 2.3-10 SELECTION AID FOR TECHNOLOGY COST GUIDANCE

.2-36




CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE

7 SHEET METAL

SHEET METAL
PaRTs |

EXTRUSIONS
STRUCTURAL
1 MEMBERS
CASTINGS
Etfect of Cross-
L Section and
FORGINGS Matogal for:
] Straight Lineal Shapes
MACHINING -QQ'MJ
(METALS) Contoured Lineal Shapes
l co-mi
MECHANICALLY '
FASTENED ASSEMBLIES
. T MANUFACTURING
METHODS
COMPOSITES
. L L Effect of Forming
Process and
SUPERPLASTIC FORMING (SPF) Material for:
AND SPF DIFFUSION BONDING ™
(SPF/DB) Straight Linealgﬁapos
| CD-P-|
T X
TEST, INSPECTION AND Contourad Lineal Shapes
EVALUATION (TI&E) CD-PAl
. 1
Single Curvature SKin
CD-P-ii!
— DICE®

L Various Eomploxities
-DICE-|

*Designer Influenced Cost Elements
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EFFECT OF CROSS-SECTION AND MATERIAL ON PART

FORMING COST
STRAIGHT LINEAL SHAPES
RELATIVE RECURRING PLUS NON-RECURRING COST |

. 2024.T82 ALUMINUM PHIE-TMo STEEL SAL4V TITANIUM®

s 1]
5’ I
5 H
S
€2

. [

L C 1 v 1L n L C 1 L C 1
P now-necumaing Toouing *HOT-FORMING PROCESSES ONLY CD-M-|

EFFECT OF CROSS-SECTION AND MATERIAL ON PART
FORMING COST

CURVED LINEAL SHAPES
RELATIVE RECURRING PLUS NON-RECURRING COST

2024-T62 ALUMINUM

»
°

”
(]

3

MELATIVE COST
-
e

s

PHIS-TMo STEEL CAL4V TITANIUM
T
l_ C 1 1 -L ﬂ L C 1 L C 1
NON-RECURRING TOOLING CD-M-il
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EFFECT OF FORMING PROCESS AND MATERIAL

ON PART FORMING COST
STRAIGHT LINEAL SHAPES
RECURRING PLUS NON-RECURRING COSTS
2024-T62 ALUMINUM PH1S-7MO STEEL SAL-4V TITANIUM
50
40

_J

30 _'}__.

20

RELATIVE COST

- %
— 7
o u A Q 7. JZ

& &
& ,.‘é 6;*
& &

. Q@ @

(///] NON-RECURRING TOOLING, AMORTIZED OVER 200 UNITS CD-P-!
R.T.-ROOM TEMPERATURE
EFFECT OF FORMING PROCESS AND MATERIAL
ON PART FORMING COST
CURVED LINEAL SHAPES
RECURRING PLUS NON-RECURRING COSTS
2024-T62 ALUMINUM PH1S-7MO STEEL SAL-4V TITANIUM

5.0
- 40
"
[}
(3]
w
2 30
[ )
«
-l
w
€ 20 - —

10

. 4 %
Y ® v
& & & & & § & &
< & ¢ S & & N &
iy Q & & < & P o A
¢ & & ® N Q; +
é 8 &
NON-RECURRING TOOLING, AMORTIZED OVER 200 UNITS
¢  HOTSTRETCH SEE GROUND RULES FOR LIMITATIONS AND CONDITIONS CD-P-Il
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EFFECT OF FORMING PROCESS AND MATERIAL
ON PART FORMING COST

SINGLE CURVATURE SKIN
. RECURRING PLUS NON-RECURRING COSTS, INCLUDING TRIM

2024 ALUMINUM PH18-7Mo STEEL GAI4V TITANIUM

5
- 4
:
£ Z
3 ~
& =z
€ 2 / 7

1
1 ; é
0 u Z 2z % d
~ Q? x Qf

~ o4 5 &
& & § & 8 & & Aév
§ 8 § &4 § 58
O & o &
L A L T I F
* " > & @ > &
3 N & Q L :..-
g © & & Py
{7~ NON-RECURRING TOOLING
R.T. ~ ROOM TEMPERATURE . CD-P-ill
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CONCEPTUAL DESIGN (CD)

%

FORMAT SELECTION AID FOR EXTRUDED
TECHNOLOGY COST GUIDANCE PARTS
* 7 A

SHEET METAL v
g EXTRUSIONS
- - MATERIAL TYPE

P A 1
CASTINGS
Effect of Alloy
1 Type on Aluminum
| Extrusion Cost
FORGINGS CD-EXTN-I
1 L_ Effect of Matetial
MACHINING - on Extrusion Cost
(METALS) CD-EXTN-H
1
MECHANICALLY
FASTENED ASSEMBLIES - MANUFACTURING
I METHODS
COMPOSITES
Curved Members
] —{ from Extrugion—Aluminum
SUPERPLASTIC FORMING (SPF) CO-EXTN-W
AND SPF DIFFUSION BONDING
(SPF/DB) Curved Members
) et from Extrusion—Steel
1 CO-EXTNV
TEST, INSPECTION AND
EVALUATION (TI&E) Curved Members
l—q from Extrusion—Titanium
CD-EXTN-IV
Trimmed vs.
- As-Extruded Edges
CD-EXTN-VI

2-41




EFFECT OF MATERIAL ON COST OF
ALUMINUM EXTRUSIONS

S,

EFFECT OF MATERIAL ON THE COST/FOOT

OF AN EXTRUSION

3
3

NN

s
Wk

Y

T078-

2-82

6081-
LL

. CD-EXTN-I

A
‘l.ﬂil JJ/

028 TY

TT IR

CD-EXTN-Ii




FABRICATION COST OF CURVED PARTS
MADE FROM EXTRUSIONS

COMPARISON DASED ON A &' LONG TEE EXTRUSION COMPARISON BASED ON A ¥ LONG TEE EXTRUSION

7

ALUNYNUN
]

ACLATIVE COST
»

STRAIGHT

] wecuname

MY

V///] NRTC AMORTIZED OVER 28 PARTS

CD-EXTN-lIl

4

TITANIUM

AELATIVE COST
»

1

oz

STRAIGHTY CURVED

[ Jnecurama

[///1 MRTC AMORTIZED OVER 200 PARTS

COMPARISON BASED ON A 5 LONG TEE EXTRUSION

RELATIVE COST

7

STEEL

-

STRAIGHT CuRveD
i |utcuaam

{722 wnvc amonmizeD Oven 200 aRTS
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CD-EXTN-IV

CD-EXTN-V




COST IMPACT OF TRIMMED EDGES
COMPARED TO AS EXTRUDED EDGES

COSTS INCLUDE MATERIAL, FABRICATION LABOR &
NRTC BASED ON 7075-T8 ALUMINUM TEE
3" x 3" x 1/8” THICK 8' LONG
FORMED TO A 60" RADIUS.
18

-
(-]

RELATIVE COST

27
D%

TRIMMED

EXTRUDED EDGES
EDGES CD-EXTNWVI
MATERIAL COST—-ALUMINUM
LONGITUDINALLY
P
SOLID sHAPES CIRCUMSCRIBING CIRCALE
CIRCUMSCRIBING CIRCLE DIAMETER UP TO 10° DIAMETER 10°-2¢"

1 T - 1 /
g 1 9 14
§ TOTS-Te811
S 2 ' § 7] /
§ 7075-TO811

10 10 .
2 317
g’ g
1 T
g ‘ 1 % . /L
a
3 4 /L/ 5 4 ,
s, 0001-/F-T/TO/TE811 s

®0 8 10 18 20 23/ 2 38 ® 4 s 1w 18

FACTOR : __PERIMMETER-INCHES FACTOR = ___PERIMETER-INCHES
WEIGHT-POUNDS/FOOT WEIGHT-POUNDS/FOOT
. S TEST, INSPECTION ANO EVALUATION (TIAE
?&%MA&!XTHUDID MATEAIAL. (mee) CD-EXTN-VII
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CONCEPTUAL DESIGN (CD)

'7-' s
FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE 4 CASTINGS |
{ p y 4
SHEET METAL v
|
EXTRUSIONS —{ MATERIAL TYPES
» ~
. and Process
. ™1 Aluminum & Steel
- CD-Cl
FORGINGS _ - Effect of Quantity
] CO-C-Hi
MACHINING rreppre
Etfect of Specification
(METALS) - Aluminum Sand
| CD-C-lit
MECHANICALLY .
FASTENED ASSEMBLIES Effect of Process
|__| and Quantity: Aluminum
] _— Investment & Sand
COMPOSITES cocy
| ;
DICE
SUPERPLASTIC FORMING (SPF)
AND SPF DIFFUSION BONDING : ——
(SPF/DB) 1 - cooicecH
j|
Inspection
TEST, INSPECTION AND :
' ot Requirements
EVALUATION (TI&E) COBICECA!
|_] Thickness Change
CD-DICE-C-HlI
[ ) Surface Finish
CO-DICE-C-IV
- Cores
CD-DICE-CV
: Holes
*DICE: Designer Influenced 1
Cost Elements CD-DICE-CVI
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COST IMPACT OF CASTING MATERIAL & FOUNDRY PROCESS

Casting Cont . Tool Cent

RELATIVE COST

EFFECT OF BUY GUANTITY ON CASTING COST
ALL MATERIALS AND CASTING PROCESSES

1.40

130

120

/
/

//

)
d

-

R 23 S0 100 500 1000
BUY QUANTITY co-C1i
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EFFECT OF “SPECIFICATION SELECTION" ON COST OF
3356/A356 ALUMINUM SAND CASTINGS

RELATIVE COST
- .

L-A-21100

— ,Q0-A-001

1 ‘
O 100 200 3500 400 SO0 GO0 700 800 900 1000

PREMIUM QUALITY

QUANTITY

CD-C-ill

EFFECT OF “FOUNDRY PROCESS" ON CCST OF 386/A338

ALUMINUM CASTINGS
s
q
5
3
(3
g 3
3
[ <
T KRR
) R INVESTMENT CAST
1 \‘ SAND CAST

0 100 200 300 400 SO0 600 70O @O0 900 1000
QUANTITY

CD-C-lv
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Relative Cost
of casting

of casting

Relative Cost

Relative Cost
of casting

®
&)

CASTING TOLERANCES

17-4PH Investment Cast

-~

T~

e

+0.01 +0
356/A356 Aluminum

.02  +0.03

investment Cast

2

:
-—(:)-‘4 o
(3
\\ g
B
[ ]
®
(3

+0.01 +0.02 +0.03

356/A356 Aluminum
Sand Cast

| & 8
;..- é
:

+0.01 +0.02 +0.03

Linear Tolerance, inches

impractical
Based on a 7-Inch Linsar Dimension

2-48

Relative Cost
of casting

of casting

-l

-hd

17-4PH investment Cast

+0.01

+£0.02 =0.03

356/A356 Aluminum
Investment Cast

-
|
i
J
+0.01 +0.02 +0.03
356/A358 Aluminum
Sand Cast
|
|
|
&.—;
J
+0.01 +0.02 +0.03

Wall Tolerance, Inches

CD-DICE-C-|




X-RAY GRADE REQUIREMENT

- CASTING
MATERIAL & X—RAY GRADE gﬁggg_r
PROCESS
356/A356 DORC BASE
ALUMINUM D OR C WITH 10% B +18%
SAND CAST D OR C WITH 50% B +285%
' B +50%
356/A358 DORC BASE
ALUMINUM D OR C WITH 10% B +10%
INVESTMENT D OR C WITH 50% B +20%
CAST . +50%
17-4PH CRES DORC BASE
INVESTMENT D OR C WITH 10% B +20%
CAST D OR C WITH 50% B +30%
) 8 +80%

NOTE: X-Ray Grade A is an Iimpractical Requirement for
General or Local Areas of Casting.

CD-DICE-C-iI .
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COST IMPACT OF CHANGE IN CAST THICKNESS

2-50

3
3 -
gg 2 /
35 s
1 -t
3 -
§ p2s
gg . / /
. .
©9 15
c
1 —/]
522
- 3 1.5
3 5 1
0 0.5 1.0 15 2.0
Baseline Cast | o4t Thickness (Inches) for
Thickness 39" UP to 50%” of Casting

17-4PH Cres
investment
Casting

356/A 356 Aluminum
investment
Casting

3568/A 356 Aluminum
Sand Casting

CD-DICE-C-ll




CAST SURFACE FINISH

Casting Surface Cost Ettort
386/A356 386/A3%8
Cast Equivalent Aluminum "z'"g'":.“'.':w:“.
Surface Machine Sand Casting | 'ment Casting |
Finish Finish -
Designation | Micro Inches * of Surtace % of Surtace
10% 50% 10% 30%

C-28 250 Base Base Base Base

C-20 200 +10% | *20%

c-18 150 s | D

c-12 125 +10% | (@ | Base | Base

c-9 % ONNONNONNON

c-6 e3 OB NONNONNO,

@ impractical CD-DICE-CIV

IMPACT OF CORES AND DEGREE OF CORE SUPPORT ON COST
OF ALUMINUM SAND CASTINGS

Multiple Cores

\ Singile Core
1
\No Cores
Minimum —— Well
Support increasing Supported
Support

2-51

CD-DICE-CV




EFFECT OF THROUGH & BLIND HOLES ON THE COST OF
CASTINGS

356/A356 Aluminum
Sand Castings

Blind Holes

— ()~

“hrough Holes

\tqo Holes

| 8 12
Hole Length/Diameter Ratio

Relative Cost of Casting
-b

@ lmpmctlcli

356/A358 Aluminum & 17-4 Cres
investment Castings

Blind Holes

\No Holes

b

Through
Holes

Relative Cost of Casting

Y 4 8 12

Hole Length/Diameter Ratio CD-DICE-CVI
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CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE

K1
SHEET METAL

L
EXTRUSIONS

T
CASTINGS

MACHINING
(METALS)

1

MECHANICALLY
FASTENED ASSEMBLIES

]
COMPOSITES

T

SUPERPLASTIC FORMING (SPF)
AND SPF DIFFUSION BONDING
(SPF/DB)

1
TEST, INSPECTION AND
EVALUATION (TI&E)

2-53

“s, AR,

| roranags |

CONVENTIONAL,
BLOCKER
Material
] corci
Conventional
e vs, Blocker
CD-FC-il
Tooling
— 1 co-Fc
Compiexity:
-— Aluminum
CD-FC-IY
Complexity:
ey Titanium & Steel
CD-FC-V
- Quantity
CO-FP-li
- Size
CO-FCVI
| HAND, ROLLED
RING
L Material
COD-FH-
PRECISION
Forging
— Complexity
CD-FP-I
1 Loft Contour
CD-DICE-FP-
Rib Height
CD-DICE-FP-II
|__1 Waeb Thickness
CD-DICE-FP-IIl
L Quantity
CD-FCVI




IMPACT OF MATERIAL ON RECURRING COST OF TITANIUM AND
STEEL CONVENTIONAL FORGINGS

7

SN
/M

4% N GAL-4V
AR MELT VACUUM MELT

CD-FC-l
COST OF CONVENTIONAL VS. BLOCKER FORGINGS
PREMISES .
FINRSHED PART — VOLUME — 190 CU I.; PLAN AREA — 179 20. 1N L-38°, W-4~, 3"
DESIGN QUANTITY — 300 PARTS; BUY QUANTITY — 50 PANTS
MACHINING OF FORGING TO FINISHED PART NOT INCLUOED
FHNSHED AS-PORGED AS-POROED
MATEMIAL waaHT CONVENTIONAL sLOCIER
TOTS ALUMINUN T Y "IV Y TYY Y
YT : I Y T Y TTYY
4300 VAC STREL YT Y toLn. L.
7073 ALUMINUM . Ti-8AKYV TITANIUM 4348 YAC STREL
g 1 1 g 3 §!
g E
; ; ;
- X 1 1
7 .
A 7. 77
SLOCKEN CONVENTIONAL BLOCKER CONVENTIONAL BLOCKER CONVENTIONAL

[ ] ronama mecunama cosr 777 susprian om cost CD-FC-ll
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IMPACT OF SUPPLIER TOOLING COST

%

N

1

OO

%

AN

ALUMINUM— TITANIUM, STEEL, ALUMINUM— TITANIUM, STEEL,
BLOCKER CRES—BLOCKER CONVENTIONAL CRES—CONVENTIONAL

CD-FC-ll

IMPACT OF COMPLEXITY ON RECURRING
COST OF CONVENTIONAL FORGINGS

ALUMINUM TITANIUM, STEEL & CRES

%/% i
U P
R e EE

NN NN
N \\\ _
A0 D

N
SN

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC




IMPACT OF QUANTITY ON RECURRING COST OF

CONVENTIONAL FORGINGS

. ALUMINUM . TITANIUM, STEEL & CRES
I\
a2 '\\\N gz
Q
a‘ i1

0 0

0 0 100 1% 20 % ™) ™) T 200

SUY GUANTITY BUY QUANTITY

CD-FCVI

- IMPACT OF FORGING SIZE (PLAN AREA) ON THE SETUP
COST/PART FOR CONVENTIONAL FORQINGS

24

16

TITANIUM,
STREL

& cvy
1 /

/
1

AELATIVE COST

e

ALUMINUM

L~
|

100 800 1000
PLAN AREA — $Q. IN.

CD-FC-vHi

NOTE: BASED ON BUY QUANTITY OF 25
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RELATIVE COST

HAND AND ROLLED RING FORGING
EFFECT OF MATERIAL ON COST/POUND OR COST/CUBIC INCH

BASED ON UNIT WEIGHT 20 BASED ON UMNIT YOLUME

IIIs

AN

7
, 2 | 7
o mmm
ALUMNNUM TV LOW ALLOY PH CRES ALUMINUM T LOW ALLOY PH CRES
STERL STEEL
CD-FH-{
ALUMINUM PRECISION FORGING
EFFECT OF FCRGING COMPLEXITY ON RECURRING
AND NONRECURRING COSTS
RECURRING COST " NONRECURRING COST
J 3 /// 7
/,',;
[~/ y
%

RELATIVE COST
~

%Z 7
4%2‘%%%%
WA 0

CD-FP-|
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ALUMINUM PRECISION FORGING
EFFECT OF ORDER QUANTITY ON RECURRING COST

AN

RELATIVE COST
b

W\
f\\\\\\\\\\

;]

RRRRRRRRRR TY COD-FP-lI

ALUMINUM PRECISION FORGINGS
EFFECT OF LOFT CONTOUR ON RECURRING AND NONRECURRING COST

RRRRRRRRRRRRRRRRRRRR

0 |
OOOOOOOOOOOOOOOO
OOOOOOO

CD-DICE-FP-|
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ALUMINUM PRECISION FORGINGS

EFFECT OF RIB HEIGHT ON RECURRING AND NONRECURRING COST

, RECURRING COST , NONRECURRING COST -
§ § U
A % vean 2
mn mn
o LEL Z 0 é é gl 4
15 2 3 4 s 8 15 2 3 4 s s
RIB HEIGHT, INCHES : RIB HEIGHT, INCHES
NOTE: BASED ON A 100 SQ. IN. CLASSIFICATION “D" FORGING CD-DICE-FP-I
ALUMINUM PRECISION FORGING
EFFECT OF FORQGED WEB THICKNESS ON
RECURRING COST
| % Z
WE‘?:’:ICKNESS.OI.;?H!S
NOTE: BASED ON A 100 8Q. IN. FORGING CD'D'CF'FP'"'
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CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE ] EXTENSIVE
v MACHINING
SHEET METAL Matone:
—t Type/Haniness
| CO-M/IC-
EXTRUSIONS Material
_— Utilization
1 CO-M/IC-HV
Spar, Rib
s Complexity
CO-MCVI
- Quantity
CO-MCVII
] Pocket Depth
CO-MACVill
| MECHANICALLY Machine Operating
| FASTENED ASSEMBLIES e Cost
T : CO-MIC-IX
Machining
COMPOSITES L | Oporations
T CD-MIC-X/XIV
SULERPLASTIC FORMING (SPF) Cutter Diameter
AND SPF DIFFUSION BOMDING 1 coMeCxXv
(SPS/DG)
I , gon::n Part
TEST, INSPECTION AND B co-mpz'c.-%
EVALUATION (T1&E)
Stamping vs.
| mcm?a?ng
CD-M/C-XVII
LOCAL MACHINING
(CASTINGS & FORGINGS)
Surlace Finish
CO-MC-XVIIN
Dimensional
Tolerances
CO-MCXIX
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COMPARATIVE METAL REMOVAL RATES
ALUMINUM AND TITANIUM ALLOYS

(Peripheral End Milling)

o

ALUMINUM
ALLOYS:

Wrought
Cast

TITANIUM
ALLOYVS:

TV 70 Commerciglly Pure
Annesied. 100-135 kel

SAI-4V Wrought
Bela Annesled: 145-108 kel |

SAI-4V Wrought
Ml Annesled: 145-108 u

SAI-4V Cast
Bela Anngaled: 145-168 kel

GAI-4V Cast
Nt Annesled: 145-165 kel

SA)-1M0-1V Wrought
Annesled: 145-188 kel

0Al-1Mo-1V Cast
Annesled: 145-163 kel

SAI-8V-28n Wrought -
M Annesled: 145-165 kal

CMMWMR*. m:«mmrw) |

0.30 03.

0.5¢
—le

JHHEE ][]

Sese Materiet Alum., HES Tost
(1.00 3 7.04 cu. in/min)

Tool Meteriak
(depends on mechinability)

HES, Promium HSS®
C2, CS Cortide”

2-61
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COMPARATIVE METAL REMOVAL RATES

STEELS
(Peripheral End Milling)
T Comparative Melsl Removal Rale, 1.00 = (Aluminum, HSS Tool) |
sTE (] 0.10 0.20 0.% 0.40 0.50 0.60 /\, 1.00 2.00
4130 Normalized or QAT: "
135-158 kol bl Ll
9310 Vacuum Melled:
oy -
17-4 PH Cast; Solutien
Tt it s50-100 w2 I -
17-4 PH Wrought; Selution
Trest or Hardoned: 156-100 ksl hekid et
4340 Normelized:
196-200 kel hinad o
PH 13-8880 H100C: 196 kel &
™3 Xt Notox: Fastowing Acoumpiions
PH 13-8 Mo HISE: 210 kat Sased on Common Machining
. Practies in Acrespace Indusiry
;; ’;‘2:.361’. End M0 Diameter: 1.00"
: Radial Depih of Cut 0.29"
. Azigd Dopth of Cut 100
9430 QAT:
:0-200 ld. Number of Plutex: 2 Aluminum
4 Seol
430V QAT: Sose Moteriak Alum.. HES Toel
220-240 ksl (1.00 2 7.4 cu. in/min)
. Teol Matoriek
AF 1410 Mersged: (deponds on meshinshitity)
233 kol HES, Prowmium HSS°
300M QAT: C2, 8 Cortide
200-300 kui
CD-M/C-li




EXAMPLES OF MATERIAL UTILIZATION FOR VARIOUS FORMS:
PLATE, BAR, ROD, AND FORGINGS

(Excludes Drilling Holes, etc.)

- Material Approximate Material Utilization Range, Percent
Form Material 20 40 60 %
) ) - )
’ Aluminum
Machined
Plate Titanium
High Strength Steel
Aluminum
Machined
Bar & Rod Titanium
High Strength Steel
Precision [Aluminum
Forging  Ivitanium
Aluminum
Conventional Tiani
Forging anium
High Strength Steel
Aluminum
Blocker
Forging Yitanium
High Sirengih Steel

CD-M/C-lll
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METAL REMOVAL RATIOS FOR TITANIUM BARS AND RODS
GENERALLY APPLICABLE TO: ALUMINUM AND STEEL

Principal Siructurst Applications:
Shalts, Tracks, Laiches and Small Parts Whare Material Grain
Flow Does Not Jusiily Farged Part.

Metal Removel Oparations: .
Miuing, Boring, Sawing, Drilling Typical Machined Parts Made From Bar

Bar Stock 88 oz 46 ox.

Finished Part 5 oz S o2

Metal Removal :

Ratlo "na 9.2:1 s r:t

Average Metal Removal Ralic with Alowance los Parts not 50 Severely Machined —§.9:1 CD-MIC-IV
Cbuﬂunu"LndUn.dAhmlﬂSynbm.Cbmpuw

California Division

METAL REMOVAL RATIOS FOR TITANIUM PLATE GENERALLY
APPLICABLE TO: ALUMINUM AND STEEL

Principal Structural Applications:

Secondary Wing Shructure, Leading and
Trailing Edge Integrally-Sitiened Skins

Metal Remaval Operations: Milling, Boring, Sawing

Possibie Aliernative Configurations:
150" -—1 ln- 0.080"
1000 ..".. 0.050" T— _
Q“QI:  gomr /
=¥ E il
Typical Cross Section Machined Typical Cross Section Machined
from Fiat Plale from Rolled Seclion
Metsl Removal Ratlo - 12:1 Meisl Removal Rztio - 18:1
Average Metal Removal Relio wilh Allowance
for Scaliop, Machine Grip and Trim - 14.5:°
Courtesy of Lockheed Aircraft Systems Company,
California Division CD-M/CV
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EFFECT OF FLANGE/ATTACHMENT CONFIQURATION FOR

SPARS AND RIBS
Relative Machining Time
& % Z Z %
Materisl Material
Form ' é
Bar
Stock 1 11 13 1.8
Aluminum | Extrusion 0.4 0.¢ 0.8 0.9
Closs
Tolerance 0.5 0.6 0.8 0.9
Forging
Ber !
Slock s X 12.8 13.0
Thanium | Extrusion 4.0 58 %0 9.0
T Close -
Tolerance 4.0 8.8 8.0 9.0
Forging
freefl 70 78 "5 105
i('mmn Extrusion 3.0 a8 6.0 .8
Close
T X . \ 6.5

AND BAR STOCK

Relative Total Cost
o
|

CONVENTIONAL &
BLOCKER FORGING

Specific Quantities Depend on:

o Part Contiguration

¢ Net (As Furged) Suriacer

Machined From B Stock

RELATIVE TOTAL COST OF PARTS MACHINED FROM FORGINGS

Reistive Quantity

2-65
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EFFECT OF METAL REMOVED ON MACHINING TIME
DEEP POCKET VS. SHALLOW (RIGID) POCKET

)

ALUMINUM

Time to Compiete Pocket in Minutes
Depth 2 . s 8§ 10 2 4 8 8 20
1 ] 1 i 1 ] ] 1 |
2 §0.2
1" 0.4
0.8
3" 1.2
TITAKIUM
Depth Time to Compiete Pocket in Minutes
P . s 1 12 14 1 @8 20 n
1 { .l o | 1 iy | q |
N 13.2
HIGH STRENGTN STERLS 4340 Sieel (Normalized) .
Average of Aerospace Steels X
Depth Time to Compiete Pocket in Minutes

8 10 12 14 16 18 20
] ] 1 1 L. L.

204

CD-M/C-Vill
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INFLUENCE OF: PART SIZE, PART COMPLEXITY, AND LOT SIZE
ON MACHINE TOOL SELECTION AND OPERATING COST

L

Medium | Large

Machine Tool Size

[ w» [ L

Part Size

Complexity

Lot Size

Number of Axes

418

3/als

3/4]S

Simple

1-10

10-30

30—

Aversge

1-10

10-36
30 —»

Complex

1-10

10-30

30 —>

Kxotic

1-10

10-30

30 —»

Simple

1-10

10-30

30 =

Average

1-10

10-30

30 —»

Medium

Complex

1-10

10-30

30 =

Exotic

1-10

10-30

30 —»

Simpile

1-10

10-30

20—

Large

Average

1-10

10-30

30 —»

Complex

1-10

1¢-30

30 =

1-10

10-30

o EIE T I SRR L (I E I E E (b el e bt A E b (A Ed K T Bl Rt e b

30 —»

Reiative Operating Cost:

2-67
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RELATIVE TIME TO MACHINE RELATIVE TIME TO MACHINE
FOR TURNING ' FOR END-MILLING

7 ) R7z7, o2 A
nnnnn toel Titanium Aluminu ool
340 SAIqV . (4340 = GAIAV
ormalized) Annesied ‘Normalized) . Annesied
"ot Setup nd Mangiing CD-M/C-X "ol Setup ang Nanding CD-M/C-XI
RELATIVE TIME TO MACHINE RELATIVE TIME TO MACHINE
FOR DRILLING FOR REAMING

ol o
T T
a -
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RELATIVE TIME TO MACHINE FOR TAPPING

100

Vv

7
L7
Ly
il

%

7
/

Alul

Steel
(4340
Normalized)

*Volumetric Cutting Rate; Exclusive

of Setup and Handiing

Titsnium
SAl4V
Annesied

CD-M/C-XIV

EFFECT OF CUTTER DIAMETER ON MACHINABILITY FACTOR

12

"
10

increasing Ditficully —o

Relative Cost

0 = N ¢ & v & 49 =

T 1T 1 1T T 1T 1T T 711

|
End MHI
Disumeter o—0—

i

~ -
Constant

Radial Depth

of Cut (D/4)

0 1 2 3 8 4
Maximum Maximum L/D
Ratio 1 Ratio ¢
$Sleel and Aluminum
Titanium

CD-M/C-XV




RELATIVE COST OF INCREASING PART COMPLEXITY

|5|e8| B[22

TS Y S LSS LSS IS STV ST i

STL LSS SS IS LSS SIS LSS LSV

N
s}~ % o
. § \g';
N
0 AN 0

incressing Complexity

2 awminum Titanium High Strength Steet”

*After Heat-Treatment (Prior to Heat-
_Treatment Will be Less Than Titanium)

CD-M/C-XVI

RELATIVE COST OF STAMPING VS. MACHINING FOR A

SPECIFIC TYPE OF SHEET METAL PART

Reuitive Cost (Tool and Recurring Labor)

$hort Run Stamping ——s -

~
“ﬁ— C bl ]

L 1 L |

19 100 1000 10,000
Quantity

2-70
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MACHINING OF CASTINGS AND FORGINGS

SURFACE FINISH
L~ e e e ]
3
g2
i§ —
5 1
% ats . e .m . ﬁ
< R b 2|83 -
356/A 356 17-4PH
Aluminum Cres and
* Surface finish shown Titanium
in micro-inches. CD-M/C-XViil

MACHINING OF CASTINGS AND FORGINGS

DIMENSIONAL TOLERANCES
’ 1
3 2
£
z 1 \\ e —
:
0 0.001 0.005 0.010

Total Tolerance, inches

CD-M/C-XIX
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CONCEPTUAL DES!GN (CD)

y o

MECHANICALLY FASTENED §
ASSEMBLIES

FORMAT SELECTION AID FOR v

TECHNOLOGY COST GUIDANCE
¥
—
SHEET METAL ALUMINUM
| [ Cost Distributions
CD-MFA-UI
EXTRUSIONS —
Accessibiity
| _ | CD-MFAVVI
CASTINGS [~ Pancoum
r CD-MFAVII
) Instaliation Method
FORGINGS CD-MFA VI, XI, X, & XV ‘
| __{-Fumm and Nut Types
MACHINING CD-MFA-IX
(METALS) N
ik B ) L CO-MFA-XII
, MECHANICALLY: ‘
4 FASTENED ASSEMBLIES Aerodynamic
: . 1 — Smoothneas
CD-MFA-XIX
COMPOSITES L Sealing
T QD-MFA-XXI .
SUPERPLASTIC FORMING (SPF) '
AND SPF DIFFUSION BONDING —] TITANIUM
(SPL'DB)
- Accessibility
L CD-MFAIV/VI
TEST, INSPECTION AND
EVALUATION (TI&E) ] Part Count
CD-MFAVII
- Installation Method
CD-MFA- VI, XVI-XVII

| Fastener and Nut ﬁpu |
CO-MFA-IX

Agrodynamic
e Smoothness
CD-MFA-XX

- W 1
CO-MFAXXII
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COST DISTRIBUTION FOR ALUMINUM FUSELAGE ST RUCTURE
OF MEDIUN TO LARGE COMMERCIAL/MILITARY TRANSPORT

oM a Material
o F = Fabrication Labor
* A = Assembly Labor

Cost Percentages Shown are

Those for the Total Fuselage Assembly.

CD-MFA-|

Skin Panels

e M = Material
+ F = Fabnicstion Labor
¢ A = Assembly Labor

Cost Perceniages Shown sre

CGST DISTRIBUTION FOR ALUMINUM WING-BOX STRUCTURE
OF MEDIUM TO LARGE COMMERCIAL/MILITARY TRANSPORT

Thoge for the Totat Wing Box Assembly.

CD-MFA-Il




COST BREAK.DOWN FOR A TYPICAL ALUMINUM SPAR

By Cost Element

(Fabrication: Materisls and Labor)

CD-MFA-Il

ACCESSIBILITY FACTORS FOR MANUAL ASSEMBLY OF
ALUMINUM AND TITANIUM STRUCTURES

BENCH SUBASSEMBLY
'.5 2.5
* Simple Assembly Fixture Required * Complex Assembly Fixture Required
. ¢ Requires Lifting and Rotation of Fix-
W""‘"“’”"’"‘ 1ure 10 Srovide Accessibitty to
Assemble
+ Abuve Aversge Finger Dexterity * Requires Excellent Finger Dexterity
Required * Sgecial Riveting Tools Needed
¢ Standard Riveting Yools Used s Voried Rivet Sizes and Specing
« Light Weight _ * Some Lay-Out of Hole Pettern
* Mgy Require Some Lay-Out o! Hole ¢ Close Yolerance Holes
Spacing * Fit-Up snd Wimming Required
« Variad Rivet Spacing * Some Shimming Required
. * Requires Second Operator
¢ Muitiple Rivet Diameters and
Lengths Required o Skilled Special Operstor Required
. . * May Require Handling Device
Restricted Access o Critical Assembly Sequence
Necessary .

* The above accessibility tactors are nol applicable to automatic fastening.

2-74
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ACCESSIBILITY FACTORS FOR MANUAL ASSEMBLY OF
ALUMINUM AND TITANIUM STRUCTURES (Continued)

MAJOR ASSEMBLY

3.0
. mionry‘lwoﬂnunbho-
vide Accessibility

* Most Perts are Jig Located

¢ impeired Communication Between
Workers

3 Mw!mbnmlty
Required '

* Heavy Portable Tooling Requiring
Hoist

¢ Limited Number of Parts to Lucste
* Fuet Sesling in Confined Aress

¢ Sharp Contous

¢ Use of Standerd Tools impeired

¢ Uncomfortable Workmr Position

¢ In-Process inspection Required

o May Require Work Above Floor Lavel

* Mey l\oquln Operator Working on
Step-Stend

* The sbove accessibility factors are not applicable to sutomatic fastening.

CD-MFAV
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ACCESSIBILITY FACTORS FOR MANUAL ASSEMBLY OF
ALUMINUM AND TITANIUM STRUCTURES (Continued)

s m—— e o

FINAL ASSEMBLY
Factor: 2.5 4.5
* No Removebls Jig Components * Some Removebls Jig Components
. * Above Average Finger Dexterity
Average Finger Dexterity Required Required
| ¢ Hydraulic Pittings are Mechenical * Limited Number of Hydraulic Tubing
Only Inetaligtions
. o Limited Humber of Wire
No Wire Terminetions Required v
* Good Communicstion Between * mpaired Communication Setween
Worlers Workers
¢ Good Visibitity
* Standerd Men-Hour Gosl Achieved
n Loss Then 5 Assemblles
o Few Two-Plece Festeners
* No Hend-Rimming at Assembly
* Work st Floor Level
e Comoriable Working Position
* May Require Working in Derk Areas
with Drop-Lightts

¢ No Tool imerference

¢ The shove accessibility factors are not applicable to sutomatic fastening.

CO-MFA-VI
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MECHANICALLY FASTENED ASSEMBLIES
EFFECT OF PART COUNT AND FASTENING METHOD

4

3 ,/

/
/‘

3 /// /M

2 =

1" Automatic Riveting
i -
| e
1
oo 10 20 30 40 50 80

- COST IMPACT OF INSTALLATION METHOD
FOR ALUMINUM AND TITANIUM MECHANICALLY

FASTENED ASSEMBLIES
L __________________________________ -~~~ - v
L] -
100% 0% 100% Manual 100% Manual
| Automatic | Automstic | Instalistion _| instellation |
instaliation Instalistion of Rivets (Clearance Fit)
cf Rivets of Rivets of M-LOK
4 Fastera™s |
I'-w LL]
3 |
5 2 —_— —
n A Al
Ti
1w d
LA 7 %, A

D Recurring [:] Nowecurring  Operation—hole preparstion CD-MFA-VIII
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CO-MFA-IX

] Hilek Sine Ohne
Swwel Pt Awm Rivat
Stonl Hellow Loshed
| .o

V222448

W) ARSIy

MANUAL INSTALLATION

IMPACT OF NUT TYPE OM INSTALLED COST

127

g IS

224

CD-MFA-X

000000000
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IMPACT OF INSTALLATION METHOD ON TOTAL
INSTALLED COST OF ALUMINUM SOL’D RIVETS
(MS 20426 & MS 20470)

[ ]

3’ N

| E—

: \

. NN

Fully 3;::1 Manust
Orie- et CD-MFA-XI

IMPACT OF SIZE ON RECURRING IMPACT OF FASTENER
COST OF TYPICAL METALLIC MATERIALS AND TYPE ON THE
SPARS INSTALLED FASTENER COST FOR
ALUMINUM ASSEMBLY USING
J GEMCOR METHOD
:Dlljll H I"“],I .

: R ] s \\

g ] i>‘ T ‘ \ §§§—_-
I N N i N §h—
I N : N\em\r
NS , N\
NN N\ G T I s B\ N N

IW O TE aiE kol o awm o je
P U A e — o
Spar Dimensions
*Based on sluminum alioys stiffened by angle stifteners
CD-MFA-XII CD-MFA-XIN

- 2-79




IMPACT OF FASTENER IMPACT OF INSTALLATION

MATERIAL AND TYPE ON THE METHOD ON INSTALLED
INSTALLED FASTENER COST FOR FASTENER COST IN
ALUMINUM ASSEMBLY USING ALUMINGUM ASSEMBLY
SPACEMATIC TEMPLATES SPACEMATIC VS. GEMCOR
] 4
. §_~
N
N <EN \ §W
2 \\ 1 N : ]
NN RN N AN N R
Al Stee! Titanlum A288 Sieel Stee! A208 A288
Rivet Hilok Rivboit ww:u' G’o‘:\.:ot s Hiok % Mw
CD-MFA-XIV CD-MFA-XV
COMPARISON OF INSTALLED
FASTENER COST IN TITANIUM ASSEMBLY
GEMCOR METHOD SPACEMATIC METHOD
TAPERLOK VS. HILOK TAPERLOK VS. HILOK
4 4 S
N
3fp—— - 3 — —“—\S\\——q
L - :3?\\fjw
: 5 \78;\
22 — g 2 N\
3 N N\ i D R
\ N NEENEENE
. -~ \ \ , - ‘\\\—M\\\ W
LN\ N N AN RN RN
Tianium A2868 Titanium A286 A288 Titanium Titenium
ok Wt Wetmar ut il Sesd  Wetwertt Semn
CD-MFA-XVI ' CD-MFA-XVII
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IMPACT OF INSTALLATION METHOD ON INSTALLED FASTENER COST

IN TITANIUM ASSEMBLY
SPACEMATIC VS. GEMCOR
! S
2
i q \E
, \ 1

Tianlum Titanium

Taperiok Taperiok
Washer-Nut Washer-Nut
Gemcor Spscematic

RELATIVE COST OF INSTALLING
AERODYNAMICALLY CRITICAL

HiZZ

CD-MFA-XVIII

RELATIVE COST OF INSTALLING
AERODYNAMICALLY CRITICAL

ALUMINUM FASTENERS TITANIUM FASTENERS
o o 004" 0.20. max
—m,/, N F ;,g. T"? ~ T F’ }
- °°“§ - 5 Pl led Legled tegdidpd
L _ B o o 2 L/’: l/' p -
- F
% }-’I/ — ’/
3 % '/ . /]
t, 2 47
] (/'/l’// // s, /A e
: % ‘A |8 %%
e e - 2 %
% “, 57 2 7, g
s i Y 972
o - 7y (7
. . v, % // > .
0 = P -
“Zone 1" “Zons 2" “Zone 3" 7,7 '
Flush Rivet/ Flush Rivet Protruding He - [
Shaved Head e
0 .
“Zone 1 “Zonm 2" “Zone 3"
Flush Rivet/ Flush Rivet Protruding Head
Shaved Head
CD-MFA-XIX CD-MFA-XX
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EFFECT OF SEALING ON

EFFECT OF SEALING ON FASTENER INSTALLATIN COST
FASTENER INSTALLATION COST ALUMINUM AND TITANIUM
TITANIUM ASSEMBLIES ASSEMBLIES
‘ 8 i B bl |- R
W I —— " B
L F ) |t S §
3 N N =
§ S \ » § £T . §
g =T Al
NN N N | NN
N N\ NHET &Y AN | D
5 ‘ % ’\\ Z ,\\ Z/:§_ x ;} /M;%/Z
N /géi \ /§f§ H L ‘ i
0 7 ;§3S 3 - ?;%3‘ OF {Q n %{{4 { /ﬂ/
CD-MFA-XXIV CD-MFA-XXV
COST IMPACT OF iNSTALLATION" METHOL, ASSEMBLY
MATERIAL AND FASTENER TYPE
- 25 Py K $g_
%g i2 a8 EE
‘ 3 32 i it
Low w8 #l
g s Titanium Tianium
g |
8
§ Thenium Aluminum Alumioum
_Alu ‘ Titanium Ajuminum

‘incialiation includes the compiets openation-hole l

preparstion and fastenar setting Recurring Cost

Nonrecurring Coat CD‘MF A‘XXV’

2-82




COST IMPACT OF SEALING FOR ALUMINUM ASSEMBLIES

Reiative Cost

»
]

3
T~
~~1 ] Installed Wet an
., \‘.\\ \\ S/ :‘:esa:-d f;f%ﬁ;is..r'ace
- T~ o Instalied Wet
< Installed Dry N
0
0 20 40 60 80 100
Percentzge of Automatic instaliation
CD-MFA-XXI
EFFECT OF SEALING ON
~NeTi AT AT QEALIMA BN A AUWPCANEIL IAIOUA S 1 ANEMAL MO
WA B ZINES Suws B SN WEmsuEmeEuURE & WAl FAJSIENEN IND 1ALLAT IV:E WU
TITANIUM ASSEMBLIES ALUMINUM ASSEMBLIES

RS

EERERE I T
N l - E_ .;,i %gi —
P~ Pt i % 3 o= 233
RSN sl I S el R et

= eweine| | 31 1 I
Installed Dry - i ;7 — - \ )
; SRS % N\H
, L - N - tﬁ_ - \\_
5 1 2 ,& 2 x /4\&_
J B e B
0 20 40 0 80 100 0 égﬂt\\-\ §\\_§ 4 %3\
Percentage of Automatic Instailation
CD-MFA-XXiI CD-MFA-XXIlI

2-83




SHEET METAL

EXTRUSIONS

1

CASTINGS

|

FORGINGS

I

MACHINING
(METALS)

o o ey

[

.apnl aArpmat 2w
A" Ao Lo g

FASTENED ASSEMBLIES

e ) DR |

r
COMPOSITES

e 222

i ﬁl A rad Aﬁ’lﬂ Pﬂnl.lllﬂ Iﬂﬂn

GUT R I BereF ¥ TTEVeN jwEF ¢

AND SPF DIFFUSION BONDING
(SPF/DB)

1

TEST, INSPECTION AND
EVALUATION (TI&E)

2-84

%

COMPOSITES

7
y 4
MATERIALS,
STRUCTURAL
MEMBERS & TOOLING
l I:tayl ES’I I Material Form
RIA CD-C/E-l
Flat Panel Manual vs.
Curing NC-Layup
CD-CR-IIA CO-C/E-ll
1
Singlesfi‘:inr:vature Tape Width
CD-CR-ltiA CO-C/E-h
- Cross-Sec
I Channet Section |} ros::““t.'onat
(Straight) Straight Membe
LIV !l m T
COCRIVA CD-CIEAV
“"Hat"” Seciion Cutv“d Mambar
(Straight) COC/EVI__ |
_ COORWA Numbar of Pliss,
Sine-Wave Crientation. and
Spar/Rib it
CD-CRVIA "I Section
= 1 CD-CIEV!
_GQE
Machining ‘1 J" Section
CD-CRVIIA CD-C/EVI
“Hat" Section
CD-CIE-V
Radius of
Curvature
(Lineal Shapes)
CD-C/E-IX
Web Type for
“I'* Beams
CD-C/EX
Sine-Wave Webs
CD-C/E-XI
Tooling Cost
CO-CIE-XIt




THERMOPLASTIC VS. THERMOSETTING MATRIX

COMPLETE MANUFACTURING
PROCESS FOR
LAYUP OPERATION* OF FLAT PANELS COMPOSITE FLAT PANELS

Reiative Cost

g\\\\
I

s

I\

‘Comparison limited tc layup

operstion oty CO-CR-iA CD-CR-lIA

COHPGS“‘E SINGLE CURVATURE
SRIN{TYRCALOFLADAE COMPOSITE STRAIGHT
FUSELAGE PANEL} CHANMMEL SECTION

Rélative Cost

-

AN

7

A\
NN\

g
:
:
é
{

CD-CR-IIIA CD-CR-IVA

— 3

2-85




THERMOPLASTIC VS. THERMOSETTING MATRIX

Relative Cost

Relative Cost

ESEs S
<

O ; ¢ Ny §

7m mEERE\u

:
Z
3
g
£

L]

minate Size: 48" x 1

3

CD-CR-VHIA CD-O/E
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COMPARISON OF MANUAL VS.
NC-LAYUP; COMPOSITE SINGLE

THERMOSETTING MATRIX

CURVATURE PANEL

2

INFLUENCE OF TAPE WIDTH ON
RECURRING COST OF LINEAL 3HAPES

7
%

/7/
7

Relative Recurring Cost

HW277 7%

830/,

CD-C/E-ii

2

’ Rolstive Recurring Cost, Mar-hours

%2 3 ¢« 35 & 7
Developed Part Widt

Notes:
¢ Part Length = 48"
* No Strip Plies

hhhhh

10

| en.cean |
(. i |

INFLUENCE OF CROSS-.SECTION OF COMPOSITE STRAIGNT

LINEAL STRUCTURAL MEMBERS; RECURRING SOST

Relative Recurring Cost

V77
277

MY/

wl
77777
N 77

~J

2-8
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THERMOSETTING MATRIX

LINEAL HAT SECTION; RECURRING QOS‘I‘

* Number of Plies
Influcnced by 4 ¢ Ply Orientation
s Developed Width

Distributicn

5

E 2

2 $0/28/25 =
2

:

0 1 2 3 4 -] L] 7 s e 10 " 12 " u

18
Developed Part Width, in.
*Ply Orientation Code: 0°/ +45°/90° CD-C/EV
LINEAL“I” SECTION; RECURRING COST
(e Number of Pllas
Influenced uyt- Ply Orientation
* Developed Width
Percent —
Distribution = 50/50/0 3%2
I
i sor2sias ~ | =1 )
| —.
—
g 2 ___47 — 20
§ 40/40/20
I T S S R T T T N I T ]
Developed Part Width, In. :
‘Ply Orientation Code: 0°/ £ 45°/90° CD-C/E-V|
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THERMOSETTING MATRIX
LINEAL ‘U” SECTION; RECURRING COST

\/
\

\
\

CD-C/E-VIi

“Pty Orientation Code: 0°/ £45°/90°

INFLUENCE OF CROSS-SECTION OF COMPOSITE CURVED
LINEAL STRUCTURAL MEMBERS: RECURRING COST

Relative Recurring Cost
- ~ [ ]

RV %
~ V77
Sz

7/
V777
HY%/7%%

CD-C/E-VIII
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THERMOSETTING MATRIX
INFLUENCE OF RADIUS OF CURVATURE OF LINEAL SHAPES;

RECURRING COST
Also Influenced by Length of Flange Added Gore Plies
25 J_ (Splice or Doubler)
\\ ! I
20 \\ . |
\E.-\ 1
g \\ /4- incressed Length of Flange ]
1.9 _—
g d\ \\
-
1.0
s lr 2 h I;A Ada ; 7 d
NN
08 Reduced Length Flange
°0 1 2 3 4 ] [ 7 ] 9 10 1M1 12 1 1 8
Radius, ft
CD-CiE-IX

INFLUENCE OF WEB TYPES IN“I"BEAMS; RECURRING COST

2

H /77
U7/
117777777

CD-C/E-X

[a]
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THERMOSETTING MATRIX

SINE-WAVE WEBS; RECURRING COST
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FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE

3

SHEET METAL
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STRUCTURAL WEIGHT COMPARISON FOR VARIOUS WING

PANEL CONFIGQEQTIONS
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STRUCTURAL WEIGHT COMPARISON FOR VARIOUS WING/RIB
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STRUCTURAL WEIGHT COMPARISON FOR VARIOUS

SPAR/FRAME CONFIGURATIONS .
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COST SAVINGS WHEN DESIGNING A HELICOPTER (AH-64A)

FLOOR/KEEL BEAM
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MAJOR CAUSES OF PART REJECTION
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(DIAPHRAGM AND DRAPE)

INFLUENCE OF MATERIAL COST FOR SPF
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IMPACT OF SPF PART THICKNESS

IMPACT OF INITIAL OR STARTING DESIGN TOLERANCE
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INFLUENCE OF PART AREA FOR SPF
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Relative Cost

SPF DESIGN FOR PART REMOVAL
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IMPACT OF SURFACE FINISH CALLOUT ON SPF COST
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IMPACT OF SPF TOOL MATERIALS
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APPROXIMATION OF TREND IN SCRAP RISK AND REPAIR
COSTS VERSUS RADIUS FOR SPF PARTS
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INFLUENC!: OF NUMBER OF
SHEETS ON SPF COST
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CONCEPTUAL DESIGN (CD)
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TEST, INSPECTION AND EVALUATION (TI&E) OF COMPOSITES
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EFFECT OF SHAPE ON RECURRING AND NONRECURRING TI&E COST
8-FOOT SECTION

% __J Recurring

mr
/ % | Nonrecurring

NN

7. 7.

Hat 1 Sine W
Secion  Section  Section Spar CD-TI&E-C/E-II

—_—s

TEST, INSPECTION AND EVALUATION (T1&E) OF COMPOSITES
EFFECT OF SHAPE ON RECURRING AND NONRECURRING TIAE COST
12-FOOT SECTION

3
gz ?__% [_JRecurring
% % §777) Nonrecurting
T
TEL
Sechon  Sedton  Sectan gpmee CDTI&E-C/EIV

n
]
[a—
ey
o




TEST, INSPECTION AND EVALUATION (TI&E) OF COMPOSITES
EFFECT OF MAXIMUM ALLOWABLE DEFECT SIZE ON TI&E COST
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STEEL CASTINGS
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2.6 SOFTWARE IMPLEMENTATION

2.6.1 Summary

This section describes the activities in developing computer-based
software for assisting designers of sheet metal, mechanically fastened,
assemblies. The methodology considered is for reducing assembly Tiabor
costs by indicating labor-intensive panel designs. This methodology
already exists in hard copy, Reference 1. In the following, a brief
introduction to the methodology is given and the current status of the
software is reported. The constituent software modules are not included
here.

2.6.2 (QObjective

The objective of this task is to examine the potential of a
computer-based design aid by constructing a working prototype.

The methodology chosen for implementation was reported in Reference
1 for the design of sheet metal assemblies, 1in particular, aerospace
panels. The goal of the method is to assist designers to rapidly reduce
the cost of their assemblies by minimizing the labor required. The
users of this method typically refer to a collection of graphs and charts
and also make simple hand calculations in order to compare the assembly
labor content of different stiffened panel designs.

It is possible that a satisfactory implementation of this designer's

aid will lay the groundwork for expert system applications to design-to-
cost studies.

2.6.3 Criteria for Development

The success of the software implementation is dependent upon several
criteria:

e Direct comparison with manuai methods. The speed of execution
of a computer-based method should reduce the required designer's
labor per candidate solution examined. Designer labor is con-
sidered directly proportional to designer man-hours and does
not include: paper filing time, searching for initial data,
and rate of fatigue. Designer labor does include: retrieving
and selecting formats, reading formats, documentation of results,
graph interpolations, and calculations.
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e Additional benefits. Other criteria should be considered when
comparing the computer method to manual methods. These criteria
include: '

(1) Reduced designer fatigue enhancing innovation
(2) Increased uniformity of documentation

(3) On-line help

(4) Reduced risk of calculation errors

(5) More consistent agreement of results during independent
tests.

2.6.4 Description of Methodology

A detailed description of the design of sheet metal assemblies
methodology is provided in Reference 1. Nevertheless, a brief description
of the methodology is also required here before continuing.

a). Origin

The design of sheet metal assemblies methodolegy was developed
in Reference 1. It was desired to reduce labor costs during the assembly
of stiffened sheet metal panels. It was concluded that significant
cost reductions could be indirectly made by aerospace designers provided
with appropriate information which was determined to be:

e Cost Driver Effect formats - graphs showing the effect of a
designer's choice of stiffened panel design and 1installation
methods on the man-hours of assembly 1labor. The labor data
was provided in normalized form.

e Cost Estimating Data formats - graphs showing the estimated
labor resulting from a choice of stiffened panel design and
installation method. Cost estimating data provides a rapid
estimation of the total labor content of each panel.

b). Initial Requirements

In order to use this design methodology, the following design/manu-
facturing factors must be available for each candidate design at the
beginning of the assembly design evaluation session:

(1) Learning curve
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(2) Primary material: aluminum or titanium
(3) Perimeter of panel
(4) Number of parts, excluding fasteners
(5) Number of fasteners
(6) Installation requirements (sealing details):
(a) dry
(b) primer or sealant on fastener
(c) primer or sealant on fastener and faying surface
(7) Hilok fasteners: used or not used
(8) Production'volume

(9) Installation method - manual, automatic, rr combination of
these.

c). Phase I: Cost Driver Examination

Using the preceding 9 design/production factors, the designer of
an assembly is first expected to examine the current values of the cost
drivers associated with the candidate design. The choice of particular
formats depends upon the primary material. The cost driver formats
to be examined are:

For aluminum panels: Dcoey, Depez Depea Depear Peoer Dopes
For titanium panels: ODcoe. Dopea, Deoes, Deoee, Deper: Depes

The designer is expected to study the current value of cost drivers
pertaining to the candidate design and to consider alternative designs
that reduce the current cost driver value. Thus, a major assumption

% implied: :

Assumption 1: It is necessary that a designer studies the current
cost drivers pertaining to the candidate concept within the context
of a cost driver format. ,

This assumption is important in that it implies that a computerized
system should also provide the equivalent of a cost driver format.
Thus, a computerized system must either draw graphics on the screen
or an effective equivalent of a cost driver format must be preoposed.
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An additional note for future activities concerns expert system
applications of this method. For an expert system to be impliemented
using cost driver values, a large set of logical rules must be developed
- of the form: :

if [ COST DRIVER COMBINATION #1 ] exists, then propose [ IMPROVEMENT
#1 ] to the designer.

1
if [ COST DRIVER COMBINATION #2 ] exists, then propose [ IMPROVEMENT
#2 ] to the designer. =

d). Phase II. Cost Estimation

Using manual methods, cost drivers are Tlooked up and estimated
by a designer visually by looking at a cost driver format. Using computer
methods, it is more efficient for the computer to make cost driver esti-
mates using mathematical formulae; hence, estimating formulae were derived
from the graphical data.

It may appear that excessive attention to logical and arithmetic
formulation of the methodology is made in this report, since many of
the concepts may be easy to understand verbally and by example. The
reader 1is reminded that the current software implementation can draw
its data only from arithmetic and logical explanations; hence, the logic-
mathematical rules 1in this report are essential for proper software
operation. Simple expert system implementations will also require these
rules. .

After the cost drivers are examined, a cost estimate can be rapidly
made of the man-hours required to assemble the panel. CED formats exist
for this purpose. Cost estimation is performed differently depending
upon the panel material. First, cost estimation for aluminum assemblies
will be examined. Then, cost estimation for titanium assemblies will
be described.

The cost estimate considers both recurring and nonrecurring costs.
Recurring costs are man-hour labor requirements that include all hands-on
factory labor. Recurring costs do include: initial preparation for
jig loading, drilling, fastener installation, and storage for the next
assembly phase. Recurring costs do not include: tool maintenance,

planning, and quality control. For an aluminum panel, the recurring
cost C, is given by

Cia = LCcepr (1)

where L 1is the learning curve factor. L reflects the skill of the
assembly laborers in learning to perform the panel assembly efficiently
and depends upon both the quantity of units to be assembled and the
skill level of the assembly operator.
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Nonrecurring costs are man-hour labor requirements for tool fabri-
cation. Nonrecurring costs do not include tool design and tool planning
costs. Typically, tools need to be replaced after 2 certain number
of units are assembled; thus, nonrecurring costs are incurred every
P units, where P is the tool life in units assembled. An aluminum panel's
nonrecurring cost Cu {5 given by

Ci = [im (g) +'1] Qsﬁm (2)

Where N is the number of units to be produced, P {is the tooling life
in units assembled per tooling, and the function int() takes the integer

part of the ratio N/P. Typically, P is set to 200 units assembled per
tooling.

Figure 2.6-1 is an illustration of nonrecurring cost of zn altuminum
assembly when Ccgp3 is 400 man-hours and P is 200 units/tooling.

Thus, for an aluminum panel, the total man-hour content, C;, is

Cr=Cu+Cn (3)
or
CT'LCCED‘l + [iﬂt (g.) +1 ] _CSP%QQ (4)

Similarly, for a titanium panel, the recurring cost, Gy , 1S given by

Crv = LCcen2 (5)
The nonrecurring cost, C; , for a titanium panel is given by
Cor = [im (%’) +1]9Q,§lza (6)

Thus, for a titanium panel, the total man-hour content, C;, is

Cr=Cir+Cir (7)
or
Cy-LCCED"Hl' [lnt (%) +1 ] QQAL;QQ (8)

2.6.5 Selection of Software Tools

Several types of software programming tools were considered. DBASE
111+ was finally decided upon due to limited costs available for this
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NONRECURRING TOOLING COST/UNIT

TOOLS CHANGED EVERY 200 UNITS, P=200

20
19 <
18
17
16
19 -
14 4
13-
12 -
11
10
:]
e
7 -
¢ -
S -
4 -4
s
2 4

20 100 200 300 400 300 600 700 800 900 1000

UNITS PRODUCED, N (Cced3=400 man-hrs)

COST/UNIT, (MAN-HRS)

FIGURE 2.6-1 NONRECURRING TOOLING COSTS

EX: UNIT COSTS VS PRODUCTION QTY.

S0

2

l

7

: \
BN
< N '
$ x N
lﬂ—'\\\ \ \\\ \\\ ~ N S
T S >\ >/\ S S >\ >
V' A /] g 4 1 V./ s A // ‘.
) U % N 7.
IAVAVA A 0 Ay
10 20 50 100 1 SrO 2;.;0 21‘) 1 250
UNITS PRODUCED. N
€7 RECURRING (N NONRECURRING

FIGURE 2.6-2 UNIT COSTS VERSUS PRODUCTION QUANTITY
2-121




task. The three major alternatives considered were C programming
language, Prolog, and DBASE III+. The relative advantages and
disadvantages are as follows:

C_Programming Language - This programming language provides the
most efficient code and no restrictions on distribution of finished
software products. C also easily permits interactive graphics
and scientific calculations. Nevertheless, development of a C
database software implies that many basic database functions need
to be prepared.

Prolog - This is a logic programming language directly allowing
the future development of an expert system. Unfortunately, inter-
facing of prolog to a graphics interface is complex and resulting
databases are not easily transported into conventional software
packages.

DBASE III+ - This is the general purpose standard for constructing
microcomputer business databases. A1l lower level database functions
are supplied in the form of an interpreted language. Compiled
and run time versions of DBASE III+ are readily available. Accessory -
software for DBASE III+ is available. The weaknesses uf DBASE
IT1+ is that it is not easily interfaced to graphics interfaces,
does not support variable arrays, and does not support floating

numbers with exponents. These weaknesses limit the ease with which
DBASE III+ can perform scientific calculations and graphs.

Calculation of Dcpe
If the material is aluminum and the installation method is manual, then
Y, =1.75+0.25 (9)
where 1.75 is the recurring labor and 0.25 is the nonrecurring labor.
If the material is titanium and the installation method is manual, then
Y,=3.2+0.25 | ‘ (10)

where 3.2 is the recurring labor and 0.25 is the nonrecurring labor.

If the material is aluminum and the installation method is automatic,
then

Y3=10+0.25 (11)

where 1.0 is the recurring labor and 0.25 is the nonrecurring labor.
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If the material is titanium and the installation method is auiomatic,
then

Y,=1.2+025 (12)

The value of Dqpe for an aluminum material is then

_ A 100-A
DCDEP’WYT"(W Y , (13)

where A is the percent automation used for the assembly.

Similarly, the value of Dcpg; for titarium material is

DcoE1=—A—Y4+M Yz (14)

100 100
Calculation of Ocoez
If the installation method is manual,
'Y, = 0.020 Np + 1.90 (15)
If the installation method is automatic

Y, = 0.020 Np + 1.19 ‘ (16)

The value of Dcpez for mixed automation is

Dcoez=%v1 +QTBFA) Y2 (17)

Calculation of Dcpea

If installation required is dry and the installation method is manual,
then

Y, =17 (18)

If installation required is dry and the installation method is automatic,
then

Y, =10 ’ (19)

If installation required is wet and fay and the instailation method
is manual, then
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If installation required is wet and fay and the installation method
is automatic, then

Y, =13 (21)

If installation required is wet and the installation method is manual,
then

Ys =220 (22)

If installation required is wet and the installation method is automatic,
then

Yeg=10 (23)
Thus, if installation required is dry, |
Ccsoa*%”z"‘%@—& Y _ (24)

If installation required is wet and fay

Cceos=%y4+u%a—4) Y, | (25)

If installation required is wet,

= Ay, ,(100-A)
Ccena 100Ye+ 100 Ys (26)

Calculation of Dcpe,
If installation required is dry, then
Dceos = - 0009 A + 1.85 (27)
If installation required is wet, then
Dcepe= -0014 A +24 (28)
If installation required is wet and fay, then

Dcepa= —0014 A + 2.7 (29)
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Calculation of OCDES

If installation required is dry and the installation method is automatic,
then

Y“1.° (30)
If installation required is dry and the installation method is manual,
then

Y, =27 (31)

If installation required is wet and fay and the installation method
is automatic, then

Y3=13 (32)

If installation required is wet and fay and the installation method
is manual, then

Y,=33 (33)
If installation required is wet and the installation method is automatic, -
then

Y5=!1.0 (34)

If installation required is wet and the installation method is manual,
then '

Ye=3.1 (35)
Thus, for dry installation required:
Dopes =-8-Y, + (100=A) v, (36)

For wet and fay installation required:

A 100-A
Dcpes = ﬁaya "'(—-166—-) Ye (37)

For wet installation required:

A 100 - A
D(:DE“To-(-:"y.f;"‘Lﬂ)—a—l Ye (38)
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Calculation of Dcpge
For dry installation required:
Dcpes = — 0018 A +2.833 (39)
For wet and fay installation required:
Dcogs = — 0023 A + 3527 _ ' (40)
For wet installation required:

Dcpes = ~ 0023 A + 333 (41)

Calculation of Dcogr
For this cost driver, the format shows an 80% automation value. This

value is ignored and a more general finterpolation for any degree of
automation is used.

If the material is aluminum and the installation method is manual, then
Y, =175 (42)

If the material is aluminum and the installation method is automatic,
then

Y;=10 (43)
If the material is titanium and the installation method is manual,

Yy=3.2 | (44)
If the material is titanium and the installation method is automatic,
Y,=20 ‘ | (45)

Thus, for aluminum,

Deney = -A_Y, + (100 = A)
coe? 100Y2* 360 Y, (46)

and for titanium,

Depey = Ay, +(100~A) y 47
Coe? 100Y‘+ 100 3 (47)
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Calculation of ODcpg,

If dry installation 1is required, the installation method is manual,

and the material is aluminum,

Y1 = 175

(48)

If dry installation is required, the installation method is manual,

and the material {s titanium,

Y,=3.2

If dry installation is required, the installation method is

and the material is aluminum,

Y3-1.0

If dry installation is required, the installation method is

and the material is titanium,
Y4'1.2

If wet and fay installation is required,
manual, and the material is aluminum,

Ys=2.75

If wet and fay installation 1is required,
manual, and the material is titanium,

Yg = 4.0

If wet and fay installation is required,
automatic, and the material is aluminum,

Y7 fd 1.25

If wet and fay installation 1is required,
automatic, and the material is titanium,

Yaﬂ1.5

the

the

the

the

installation

installation

installation

installation

(49)

automatic,

(50)

automatic,

(51)
method 1is

(52)
method 1is

(53)
method 1is

(54)
method 1is

(55)

If wet installation is required, the installation method is manual,

and the material is aluminum,

Yy=2.25

(56)

If wet installation is required, the installation method 1is manual,

and the material is titanium,

Y|° =375
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If wet installation is required, the installation method is automatic,
and the material is aluminum,

Yn=10 (58)

If wet installation {is required, the installation method is automatic,
and the material is titanium,

Y12-1.2 (59)
For dry installation required and the material is aluminum,

- Ay, (100 - A) 60
Dcoes 100Y3+ 160 Y, (60)

For dry installation required and the material is titanium,

Ay +(00-4)y 61
Dcpes 100Y¢+ 00 2 : (61)

For wet and fay installation required and the material is aluminum,

ocoe.-TgT)mﬂ%.—j—“! Ys (62)

For wet and fay installation required and the materisl is titanjum,

= Ay, +(100-A) . (63)
Dcoes 100Va+ 100 Ye
For wet installation required and the material is aluminum,

= Ay {00 _A)
Dcoes 100Y11+ 150 Y (64)
For wet installation required and the material is titanium,

Dcoeo'TgT)V\z'*QQ%%—A) Yo o (65)

It is evident that these explicit expressions for cost driver values
are well suited for symbolic programming languages such as Prolog.
The abundance of thess ‘pes of rules in the methodology is the primary
reason why I .. was = .idered at the outset as one of the three soft-
ware implementation lawnguages.

e). Phase II: Cost Estimation

After cost drivers <« examined, a cost estimate of the man-hours
required to assemble t  ganel is rapidly made. Cost estimating data
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formats exist for this purpose. Cost estimation is performed differently
depending upon the panel material. First, cost estimation for aluminum
assemblies will be examined. Then, cost estimation for titanium assem-
blies will be described.

The cost estimate considers recurring costs and nonrecurring costs.
Recurring costs are man-hour labor requirements that include all hands-on
factory labor. Recurring costs do include: 1{nitial preparation for
jig loading, drilling, fastener installation, and storage for the next
assembly phase. Recurring costs do not include: tool maintenance,
planning, and quality control. For an_aluminum panel, the recurring
cost, C. » 1s given by:

Coa = LCcemn (66)

where L is the learning curve factor, reflecting the skill of the assembly
workers in learning to perform the panel assembly efficiently and this
depends upon both the quantity of units to be assembled and the skill
level of the assembly operator.

Nonrecurring costs are man-hour labor requirements for tool fabri-
cation. Nonrecurring costs do not include tool design and tool planning
costs. Typically, tools need to be replaced after a certain number
of units are assembled; thus, nonrecurring costs are incurred every
P units, where P is the torl 1ife in units assembled. An aluminum panel's
nonrecurring cost, C,, ,» is given by:

Cia = [im (N_;J) +1]99§m (67)

where N is the number of units to be produced, P is the tooling life
in units assembled per tooling, and the function int() takes the integer
part of the ratio N/P. Typically, P is set to 200 units assembled per
tooling.

Figure 1illustrates how the nonrecurring cost of an aluminum assem-
bly varies with N when Cceps is 400 man-hours and P is 200 units/tooling.

The variation of nonrecurring cost with production quantity N has
several noteworthy features. The nonrecurring cost converges, i.e.

N—®

Cia = Ccea A ‘ (68)
P

The maximum value of nonrecurring cost for any cycle is

max Cys = {{ + 1) Cceoa

iP+1 : (69)
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at
N=iP+1wherei=0,1,2,...

The minimum value of nonrecurring cost for any cycle is:

min c,A-choa

(70)
at
N=(i+1)Pwherei=0,1,2, ...

These expressions for maxima ana minima may be useful for cases when
planning the production volume.

Considering both recurring and nonrecurring costs, for an aluminum panel,
the total man-hour content,C,, is:

Cr=Cia+Cia (71)
or

- i N-1 C
Cr=LCcemn + [Iﬂl (_P_) +1] —Qhﬁlm (72)

Figure 2.6-2 presents an example of the total unit cost of an aluminum
assembly for varying production quantities.

The recurring cost, Cr, for a titanium panel is given by:

Civ = LCcen2 (73)
The nonrecurring cost, C;r, for a vitanium panel is given by:

o [N=1
Ciy = [mt (_‘_D._) +1] 99’524 (78)

Considering both recurring and nonrecurring costs for a titanium panel,
the total man-hour content, C;, is:

Cr=Cir+Crr | (75)
or
Cr = LCcepz + [m (%52) +1] Cotos (76)
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f). Calculation of Cost Estimating Factors

Calculation of cost estimating factors Ccepy » Ccepz » and Cceps » 1S per-

formed in a manner similar to the calculation of cost driver functions.
Calculation of Ccep:

If dry installation is required and the installation method is manual:

Y, = 0.020 Ng + 1.5 when 1 < Ne < 700 (77)

or

Y, = 0.018 Ng + 2.7 when 700 < Ng < 1100

If dry installation is required and the installation method is automatic:

Y, = 0011 Ne + 03 when 1 s Ne < 700 (78)

or

Y, = 0.0067 Ng + 33 when 700 < Ng s 1100

If wet installation is required and the installation method is manual:

Y, = 0028 N + 09 when 1 < Ng < 700 (79)

or

Y3 = 0025 N¢ + 30 when 700 s Ne < 1100

If wet installation is required and the installation method is automatic:

Y4 = 0011 N¢ + 0.3 when 1 < Ng < 700 (80)

or

Y. = 00067 Ne + 3.3 when 700 < Ng < 1100

If wet and fay installation is required and the installation method
is manual:

Ys = 0032 Ng + 1.1 when 1 < Np < 700 (81)
or

Ys = 0.028 Ne + 3.7 when 700 < N < 1100
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If wet and fay installation is required and the installation method
is automatic:

Ys = 0014 N¢ + 1.7 when 1 < Ne < 700 (82)
or

Ys = 00083 Ne + 5.7 when 700 < N < 1100

Combining, for dry installation required:

A A 100 -A
CCED‘-TO—0Y2+L1O—O—) Y (83)

For wet installation required:

A 100 - A
Ceen -;O—GVHL%O—) Ys (84)

For wet and fay installation required:

Coron = 5¥s +(100=Al v, (85)

-
Calculation of Ccep2

If dry installation is required and the installation method is manual:

Y, = 0041 Ne + 1.3 when 1 < Np < 700 (86)
or

Y, = 0030 Ne + 9.0 when 700 < Np < 1100

If dry installation is required and the installation method is automatic:
Y, = 0.014 N + 0.2 when 1 < N < 700 (87)
or

Y, = 0.0067 Ne + 53 when 700 < Nr < 1100

If wet installation is required and the installation method is manual:

Yy = 0046 N + 1.8 when 1 s Ng < 700 (88)
or

Y; = 0040 Ne + 60 when 700 < Ng < 1100
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If wet installation is required and the installation method is automatic
Y, = 0014 Nr + 0.2 when 1 s Ng < 700 (89)
or

Y, = 00067 N + 53 when 700 < Ng < 1100

If wet and fay installation is required and the installation method
is manual:

Ys = 0050 Ng + 25 when 1 < Ne < 700 (90)
or
Ys = 0042 N + 83 when 700 s N < 1100

If wet and fay installation is required and the installation method
is automatic:

Ys = 0017 Ni + 1.1 when 1 < N < 700 C(91)
. or
Ys = 0010 N + 60 when 700 < N < 1100

Combining, for dry installation required:

A 100-A
Cceoz'?o—oyz +(TOOT) Y (92)
For wet installation required:

2 Ay . (100-4)

Cceo2 100V4+ 160 Ys (93)
For wet and fay installation required:

A 100 - A
Cceoz'm\’e*'u.?ﬁ—) Ys (94)

Calculation of Ccepa

If installation method is manual:
Y, = 16670 + 183 when 9 < 0 < 16 : (95)
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or

Y, = 28.750 - 10 when 16 < 0 < 24

If installation method is automatic:

Y, = 16670 + 208 when 9 s 0 < 16 (96)

or

Y, = 28.130 + 25 when 16 < 0 < 24

combining,
Coroa = ¥, + 100 v, (97)

2.7 CURRENT STATUS

Much of the software prototype is operational, with the exception
of the graphics presentation of formats.

2.7.1 Implemented Features

At 1its current stage of development, the prototype contains the
following features:

Automated calculation of cost driver values

Automated cost estimation of the man-nours required to assemble
the candidate designs

Removal or addition of new concepts to be evaluated

A comparative presentation of different product candidates in
the form of: cost estimating tables, cost driver tables, and
specification tables

Automated interpolation of cost driver and cost estimating func-
tions for any percentage of assembly automation

A three-level structure for working at: (I) the assembly level,

(IT) the design candidate summary level, or (III) the individual
candidate level

2-134




o One-letter command entry and one-line command bar displays
® Addition or removal of a product candidate
o Interactive editing of a product candidate
e Automated default values for a new product candidate.
The prototype, at this stage, does not contain:
o Adequate presentation of formats
e Automated calculation of learning curve factors
e Sufficient technical software documentation

® An on-line help function.

2.7.2 Using the Software

Using the software is straightforward. A three-level command system
exists:

I. Commands that affect different products

II. Commands that summarize all the candidates for a given product

III. Commands that affect a particular candidate.

Three levels were used in order to reduce the risk of using certain
commands (especially delete commands) at improper times. Also, by using
three levels, all available commands will fit into a command line found
at the bottom of the screen, Commands are exectted by pressing the
first letter of the command displayed on the current command bar.

To start the software, start DBASE IiI+ by typing 'dbase'. When
the dot prompt appears, type 'do dbasenoton/mmain' to begin program
execution.

a). Level I: Several Assembiy Types

Figure shows a typical level I screen. Note that product refers
to assembly. In level I, the following commands are available:

(L)ist Products: Show all the current products available in the
directory.

2-135




(D)el Product: Delete a product and all of its. constituent
candidates.

(A)dd Product: Add a new product (panel) to be analyzed.

(G)et Product: Prepare one of the 1listed products for level
Il commands.

e(X)it: Exit from program.

b). Level II: Candidates of One Product

Figures through show typical candidate comparison tables
available using level II commands. In level II, the following commands
are available:

(C)ost Comp.: Comparison of cost estimating data for different
candidates of the same product.

(D)river Comp.: Comparisbn of cost-drivers for different candidates
of the same product.

(S)pec. Comp.: Comparison of panel specifications for the nine
design/production factors used by the methodology.

(M)odify Look at and edit the information about individual
Candidates: candidates.

e(X)it: Exit level II and return to level 1 commands.

c). Level IIl: One Candidate

Figure shows an example screen for a single product candidate.
Available commands are:

(S)earch: Search for a candidate by design alternative name
or substring within name.

(E)dit: Edit the candidate currently displayed on the screen.

(N)ext: Display the next product candidate.

(P)rev: Display the previous product candidate.

(D)el: Delete the current candidate.
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(A)dd:

(C)alculate:
(G)raph:

e(X)it:

Add a new candidate.

Calculate or

recalculate all

and cost driver functions.

the cost estimating

Graph the formats with respect to the current candi-

date.

Currently, this function is not operational.

Exit level III and return to level II.

2.7.3 Software Organization

The following modules are used during program execution:

Name

COEL
COEII
COEIII
COEIV
CDEV
CDEVI
CDEVII
CDEVIII
CEDL
CEDZ
CED3
NCALC

NGRAPH

NMAIN

Ext

PRG
PRG
PRG
PRG
PRG
PRG
PRG
PRG
PRG
PRG
PRG
PRG

PRG

PRG

size
470
241
604
298
601
312
452
1398
734
804
344
8775

667

4207

Description

Calculates
Calculates
Calculates
Calculates
Calculates
Calculates
Calculates
Calculates
Calculates
Calculates

Calculates

cost
cost
cost
cost
cost
cost
cost
cost
cost
cost

cost

driver
driver
driver
driver
driver
driver

driver

0 N OO O W N -

driver
estimate 1
estimate 2

estimate 3

Calls and executes all cost driver
and cost estimate functions for a
particular candidate

Sample module using DBASE tools for
C graphics functions

Main module for software
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NPMENU PRG 5903 Level II command module
NMODELDB DBF 1186 Model database structure

NPOLY PRG 257 Example 6th-order polynomial curve
extrapolation routine. Suffers from
round-off problems inherent in DBASE
scientific calculations

NSCREEN PRG 2483 Candidate screen

NSELECT PRG 922 Test module, superceded by NCALC
NVMENU PRG 4888 Level III command module

PRODUCT DBF 2306 Sample candidate

PRODUCT FMT 2580 Candidate format file

PRODUCT SCR 4262 Candidate screen file

PRODUCT TXT 4077 Database structure text file

2.7.4 Difficulties Encountered

Several difficulties have been encounfered during the project.
They are related to some limitations of DBASE III+ and the commercial
software accessories for DBASE III+.

a). Precision

In order for the computer to calculate a value for a cost estimating
format or a cost driver format, some numerical representation of the
function is required. Calculating values from bar charts entails only
a simple weighted average. Calculating values from straight lines is
also easy. Some formats contained curves that would have been simpler
to approximate by fitting a simple polynomial to the curve.

It was discovered that fitting a polynomial to a curve in DBASE III+
is difficult becauss scientific number representation is not available.
Thus, a number xi0-16 disappears. An additional problem is that variable
arrays zaie not supported. This causes difficulty, since most numerical
curve interpolation techniques use dimensioned variables.

After several approaches with polynomial models of curves, polynomial

curve fitting was not pursued further. Instead, piecewise linear approxi-
mations were used and these approximations appear satisfactory.
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Use of a DBASE III+ interface to C was attempted, but the interface
is quite tedious to establish and the memory resident interface prevents
other commercial packages from loading unless the computer is rebooted.

b). Graphics

It is desired to present formats graphically, preferably showing
the values of the current candidate. A graphics library interface to
DBASE III+ was attempted. The graphics interface switches the EGA screen
into low-resolution CGA mode. Low-resolution CGA mode graphics is un-
acceptable for the detail required by the formats. In addition, the
memory resident graphics interface prevented the loading of other software
packages.

Currently, several alternative solutions are being considered. The
first solution is to draw the formats by writing C-base graphics programs
using HALO. The second solution is to hand-draw the formats using a
mouse and an interactive graphics program called DR. HALO III. In either
case, the images would be called DBASE III+ as a self-executive module.

2.7.5 Proposed Further Work

Several tasks are proposed for further efforts on computerization:
e A satisfactory presentation of formats
e Automatic calculation of learning curve factors

e An on-line help function.
2.7.6 Conclusion

The conclusion of this fask is that, in spite of several technical
problems, development of a computer-based design aid continues; a working
prototype is feasible. '

Further developments are required for a full-featured computer
design aid. When the design aid has heen developed, it still remains
to determine the degree of success of the system over manual methods
and the acceptance of such a system by both experienced and unseasoned
designers.
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2.7.7 Symbols and Definitions

Candidate Design

Cost Driver Effect (CDE)

Cost Estimating Data (CED)

Fastener

Format

Installation Method
Installation Requirements

Labor Learning Curve

. A candidate 1is a specific product design

that meets all of the design requirements.
There will be several possible candidates
for one product or system.

A normalized function indicating the effect
of one or more design factors on the man-hours
of 1labor required, in this example, for
assembly. CDE functions are typically
displayed 1in graphical form. They are not
used for cost estimating; rather, they are
used for designer guidance 1in all phases
from conceptual to production design.

A function indicating the effect of one
or more design factors on the man-hours
of labor required for assembly. CED functions
are typically displayed in graphical form
and the data are used for design/manufacturing
cost trade-off studies.

In the scope of this MC/DG section on mechani-
cally fastened assembly, the fasteners are
either: (1) upset rivets, (2) pins, or
(3) collars.

A bar or 1line graph displaying either a
CDE function or a CED function. Cost Esti-
mating Data formats are coded: CED-MFA-1,
CED-MFA-2, CED-MFA-3. Cost Driver Effect
formats are coded: CDE-MFA-1, CDE-MFA-II,
COE-MFA-III, ..., CDE-MFA-VIII,

Installation methods may be manual or
automatic riveting, or various combinations
of the two.

Installation requirements may be: (1)
installed dry, (2) installed wet, or (3)
installed wet and fay surface sealed.

Reflects the skill of the assembly laborers
in learning to perform the panel assembly
efficiggtly. Typical values are 65%, 70%,
.'.’9 .
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Materials

Perimeter

Product

Nonrecurring Costs

. Recurring Costs

Ccent

Cceoz

Cceos

Sheet materials may be either aluminum or
titanium.

The outside perimeter of the panel measured
in feet.

In the context of this task, a product
consists of the set of one or more design
candidates which meet the design requirements
of the panel to be produced.

Nonrecurring costs are man-hour labor require-
ments for tool fabrication. Nonrecurring
costs do_not include tool design and tool
planning costs. Typically, tools need to
be replaced after a certain number of units
are assembled; thus, nonrecurring costs
are incurred avery P units, where P is the
tool life in units assembled.

Recurring costs are man-hour labor require-
ments that include all hands-on factory
labor. Recurring costs do include: initial
preparation for jig TToading, drilling,
fastener installation, and storage for the
next assembly phase. Recurring costs do
not include: tool maintenance, planning,

and quaiity control.

Percent automation.

Recurring installation costs (in
man-hours/assembly) for aluminum rivets
obtained from format CED-MFA-1., It is a
function of: (1) installation requirements,
(2) installation method and (3) total number
of fasteners in the assembly.

Recurring installation costs (in man-hours/
assembly) for titanium rivets obtained from
format CED-MFA-2. It is a function of:
(1) installation requirements, (2) installa-
tion method and (3) total number of fasteners

in the assembly. ’

Nonrecurring tooling cost (in man-hours)
for aluminum and titanium assemblies; obtained
from format CED-MFA-3. [t is a function
of: (1) perimeter of the assembly in feet
and (2) the installation method.
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CrT

Cra

Civ

Dcoe;

Dcpe2

Dcoea

Dcces

Dcoes

Dcoes

Recurring cost (in man-hours) for the assembly
of an aluminum panel.

Recurring cost (in man-hours) for the assembly
of a titanium panel.

Nonrecurring cost (in man-hours) for the
assembly of an aluminum parel.

Nonrecurring cost (in man-hours) for the
assembly of a titanium panel.

Total cost (in man-hours) for the assembly
of one panel. Includes both recurring and
nonrecurring labor.

Relative cost of installation (in normalized
man-hours) obtained from format CDE-MFA-I.
It is a function of: (1) material and (2)
installation method. '

Relative <cost (in normalized man-hours)
obtained from format CDE-MFA-II. It is
a function of: (1) the numoer of parts
excluding fasteners and (2) installation
method.

Relative installation cost (in normalized

man-hours) for aluminum assemblies obtained
from format CDE-MFA-III. It is a function
of: (1) 1installation method and (2)
installation requirements.

Relative installation cost (in normalized
man-hours) for aluminum assemblies obtained
from format CDE-MFA-IV. It is a function
of: (1) 1installation requirements and (2)
installation method.

Relative 1installation cost (in normalized
man-hours) for titanium assemblies obtained
from format CDE-MFA-V. It is a function
of: (1) installation method and (2)
installation requirements.

Relative  1installation cost/fastener (in
normalized man-hours) for titanium assembiies
obtained from format Cri-MFA-VI. It is
a function of: (1) installation method
and (2) installation requirements.
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Dcoer

Dcoes

Relative installation cost/fastener (in
normalized man-hours) obtained from format
CDE-MFA-VII. It 1is a function of: (1)
material and (2) installation method.

Relative cost/fastener (in normalized man-
hours) for aluminum and titanium assemblies
obtained from format CDE-MFA-VIII. " It s
a function of: (1) installation requirements,
(2) material and (3) installation method.

Learning curve factor. Learning curve
reflecting 1labor skill. The factor s
provided in each manufacturing technology
section of the "Manufacturing Cost/Design
Guide" (MC/DG).

Production volume, the number of units to
be assembled.

Number of fasteners.

Number of parts, excluding fasteners.

Qutside perimeter of panel.

Life of tools 1in units assembled. For

example, if P is 200, tools must be replaced
after each batch of 200 units is assembled.
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APPENDIX A

USERS' NEEDS SURVEY FOR A
COMPUTERIZED MANUFACTURING COST/DESIGN GUIDE




1.1 INTRODUCTION

At the outset of the initial "Manufacturing Cost/Design Guide"
(MC/DG) program, a survey was conducted of the potential users in the
design process. The original responses and objectives of the series
of volumes are still timely and important. The results of the survey
are therefore included in this report as an Appendix.

The questionnaire was sent to designers, with varying degrees of
experience, at eight major aerospace companies. For some questions,
the total number of responses exceeded 80.

The questions asked were in the following general categories:

1. General questions on the "Manufacturing Cost/Design Guide"

2. Data sources, retrieval and presentation

3. Experience and attitudes concerning computers.

1.2 OQVERVIEW OF CONCLUSIONS FROM SURVEY

The following is an overview of the results of the survey. The
detailed responses are included in Table A-1

1.2.1 Background of Designers

e The majority of those designers surveyed work on fuselages and
wings of military fighter and attack aircraft and have over
ten years of design experience. The MC/DG is particularly useful
for such subassemblies.

1.2.2 Design Activities

o The MC/DG should be used in all phases of design, i.e., from
conceptual through detail design. Hence, the MC/DG for conceptual
esign has been developed and is included in the main section

of this report.

e The most time-consuming functions of the designer are drafting

and creative/conceptual activities. Hence, there is a need
to address manufacturing cost at the outset of system development.
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The most frequently consulted cost data/information sources
are graphs of standard parts and materials. Prior to the MC/DG
development, no other data and formats existed to stimulate
innovative design of unique structures which are designed to
minimize manufacturing cost.

1.2.3 Formats or Design Charts

The MC/DG and its formats or design charts should be easy and
quick to wuse. The design-to-cost function must enable the
creative momentum and designer enthusiasm to be maintained and
should not exceed 10 percent of the total design time.

Most of the designers interviewed felt that the MC/DG should
be structured to guide the designer through the design-to-cost
process and that it should be very beneficial to unseasoned
engineers.

The most preferred presentation modes for MC/DG information
were x-y graphs with text, including utilization examples.

A listing of Designer Influenced Cost Elements (DICE), Cost
Driver Effects (CDE) and Cost Estimating Data (CED) in the MC/DG
was judged to be useful. It is a building-block approach with
DICE added to base parts.

1.2.4 Computerized MC/DG

Most designers surveyed have used computerized job aids previously
and found them generally helpful, but, at that time, they did
not use them frequently (partially due to management constraints).

Most designers surveyed felt that a computerized MC/DG would
help most in performing trade-off studies and for design-to-cost.
They need the tool particularly in the creative/conceptual design
phase.

The ability to store parts in the data base as members of a
subassembly in the computer, and the ability to use simultaneously
design and analysis programs, while utilizing the MC/DG were
considered valuable.

1.2.5 Hard Copy of MC/DG

The designers indicated that the MC/DG would be utilized almost
equally in the conceptual, preliminary, and detail design phases.

A-3




e The hard copy of the MC/DG would be applied in all phases of
design as an aid in the selection and evaluation of structural
configurations and for performing trade-off studies on components.
It would also be used as a reference manual in meetings
(especially when justifying designs with management).

o The support groups stated that the MC/DG would be useful in
each of the following areas:

- Analysis of cost-competitive designs
- Manufacturing engineering and producibility
= Justification of investments in facilities.

o Designers felt that the hard copy of the MC/DG would be used
extensively and, unless the response time was minimal, possibly
more than a computerized guide. It should be mentioned that
the average age of designers exceeds 57 years and the majority
of these professionals have not been trained in the use of
computers. However, this would rapidly be changed by management
when evidence is observed that a computerized guide could speed
up the design process and, hence, reduce the cost of design.
The response time is extremely important. The need is evident
to sell computer-aided design-to-cost to management and convince
them to invest in appropriate computerized systems to ensure
the 1local availability of the computer to the designer for
minimizing manufacturing cost.
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APPENDIX B

MECHANICALLY FASTENED ASSEMBLY
SECTION OF THE MC/DG
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4.2 Mechanically Fastened Assembly Section

This section contains format selection aids, identification of the
types of parts analyzed for data to determine the manufacturing man-hour
data, examples of how the data are utilized in airframe design and a set
of mechanically fastened assembly formats. These formats include cost-
driver effects (CDE), cost-estimating data (CED), and designer-influenced
cost elements (DICE).

4.2.1 Format Selection Aids

Format selection aids are presented to provide the user with a building-
block approach to determine manufacturing cost data for alternative designs
or processes, The designer can review the format selection trees and identify
those areas that have an impact on his design. The formats provide cost-
driver effects (CDE) for qualitative guidance to lowest cost and cost-esti-
mating data (CED) in man~hours for conducting trade-off studies.
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4.2.2 Example of Utilization

This example demonstrates to the designer how the mechanically
fastened assembly data is utilized on a specific design problem. The
example shows how to identify applicable formats, how to extract data
from the formats, and provides a discussion on how the data are used
to determine the part cost in man-hours or dollars. The MC/DG cost
worksheet can be used to record the cost data for easy reference and

to determine the total program cost. The MC/DG worksheet appears as
Table 3-3.

4.2.2.1 Utilization Example of Aluminum First Level Assembly

Problem Statement

Determine manufacturing cost (man-hours) for an aluminum (2024)

first level assembly shown in Figure 4.2-1., The order will be for 200
units,

Procedure

The following procedure is used to determine the manufacturing cost
(man-hours) for the assembly.

1. Review the Format Selection Aid (Fig. 4.2-1) for Mechanically
Fastened Assemblies.

2. Determine the formats to use. In this case, Formats CED-
MFA-1 (Fig. 4,2-3) and CED-MFA-3 (Fig. 4.2~4) are required.

3. Study the formats to determine the parameters and conditions
needed for use, To use CED-MFA-1, the number of fasteners,
fastening method, and sealing requirements must be specified.
The sketch indicates 133 fasteners with the faying surface
sealed. For this example, manual and wutomatic riveting
will be considered. To use CED-MFA-3, the part perimeter
(ft) and fastening method is required. The perimeter in
this case is 14,4 ft, and again, both automatic and manual
riveting will be considered by the designer.

4, Determine the values for recurring cost and nonrecurring
tooling cost (NRIC) from the formats:

(a) Manual

e From CED-MFA-1, read that the recurring cost “
= 5,0 man-hours per part

¢ From CED-MFA-3, read that NRTC = 420 man-hours
NRTC = 420 man~hours per 200 parts
= 2,10 man~hours per part

®» The learning curve factor to convert unit cost
at 200 to cumulative average cost for an 80

percent curve and a quantity of 200 is 1.45 (see
(Table 4.2-1).

Total cost = 1.45 (5.0) +.2.1 = 9,35 man-hours per
part. B4




(b) Automatic

e From CED-MFA-1l, read that recuriing cost at
unit 200 = 3,75 man-hours per part

e From CED-MFA-3, read that
NRTC = 440 man~hours per 200 parcs
= 2,2 man-hours per part.

Total cost = 1.45 (3.23) + 2.2 = 6.91 man-hours
per part.

5. No applicable DICE are indicated, and, ther=fore, th= crsts
determined above are the final tctal ccsts for assemblisg
the part.
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MAN-HOURS/ASSEMBLY (RECURRING)

80

70

50

40

INSTALLATION COSTS FOR ALUMINUM RIVETS

INSTALLATION METHOD CURVE
INSTALLATION

MANUAL | MATIC | 20% MANUAL
DRY 5 1 2
PRIMER OR
SEALANT ON ] 1 3
FASTENER ONLY
SEAL..NT ON
FASTENER AND 7 3 4
FAYING SURFACE

FOR NONRECURRING
L | TOOLING COSTS SEE

CED-MFA-3

o 200  40C
TOTAL FASTENERS IN ASSEMBLY

FIGURE 4,2-3,

600 800 1000

FORMAT USED IN EXAMPLE

B-

~

1200

CED-MFA-1




NONRECURRING TOOLING, MAN-HOURS

1000

400

200

NONRECURRING TOOLING COST FOR
ALUMINUM AND TITANIUM ASSEMBLIES

AUTOMATIC RIVETING

| |

s e SR P 3

™

e e e G— o e ] e antE S, —— c—

MANUAL RIVETING

-—-——r-———-—-{————t

0 2 4 6 8

10 12 14 16 18 20 2 24

. PFRIMETER, FEET

CED-MFA-3

FIGURE 4.2-4. FORMAT USED IN EXAMPLE
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TABLE 4.2-1

FACTORS TO CONVERT THE MC/DG 200TH UNIT
COST TO THE CUMULATIVE AVERAGE COST
FOR THE DESIGN QUANTITY AND
LEARNING CURVE INVOLVED

DESIGN LEARNING CURVE-%
LQUANTITY | 95 | 90 | 85 80 75 L 70 | 65 |
3 148 | 2.25 | 3.48 | 550 | 9.00 | 15.00 | 27.00
10 1.33 | 1.79 | 2.47 | 348 | 504 | 7.53 |11.67
25 125 | 159 | 205 | 271 | 368 | 513 | 7.43
50 119 | 1.44 | 1.79 | 2.22 | 265 | 3.6 | 5.14
100 113 | 1.30 | 1.52 | 1.86 | 2.98 | 2.73 | 3.51
200 1.08 | 117 [ 1.30 | 1.45 | 1.66 | 1.95 | 2.36
350 1.04 | 1.08 | 134 | 122 | 133 | 148 | 1.70
500 101 | 102 | 1.05 | 1.09 | 115 | 1.24 | 1.38
750 098 | 0.96 [ 0.96 | 0.96 | 0.97 | 1.01 | 1.09
1000 096 | 092 | 0.89 | 0.87 | 0.87 | 0.3 | 0.91
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4,2.3 Alrframe Assemblies

To determine the manufacturiag msa-hours fer first level machemically
fastened assemblies, the assemblies shewva ia Figures 4.2-9%5 to 4.2-8 were
analyzed. The assemblies were:

® Avionics Pamel
o Fuselage Pamesl
o Fuselage Door.
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FUSELAGE CUT-OUT

lla—AL-1—SIZE A (24"

x 36")

SIZE B (24" x 72")
SIZE C (48" x 36")

SIZE D (48" x 96")
~—» e} 0"
) M
| fe——14.0" - ||
4.25" ' |
I ]
‘ | : | ;I
X -.L‘ B‘-| ;'—-'IJI /\l‘s"k/
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| + + 4+
N+ + © /. s JOGGLE-
I J 2 PLACES
P a4 .
| | | | g
I B L+ + + ¢ + + 4+ + + + + + + )
e _
I B ~er— SECTION B-B

DOUBLER 14.0" x 16.0” x 0.060" -

FIGURE 4.2-7,

2024 - T81

SECTION A-A
DETATLS OF WINDOW IN FIGURE 4.2-5
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UM 450261000

3 Jan 1983
FUSELAGE DOOR ASSEMBLY
fe— 2" pe— 15" o
s ; ors
I WT Eh
R AV R ;3;;—-—-—————"""
Gosser Guseer SECTION C-C
Q75— fe— |

—33
ﬁ

g o.o .:. g '; ﬁ' ) ’_—K'E‘o.75

T:A I | r“ typ
A

D 1
2\ N\ M : )’f
atr =Y o e, 1

Lo

— >
Lo

:fJ

o 0625 rivet !
Y 8 spacing

:
[}

—>m
—

{ O3 W i\
h————O.GZS rivet spacing {typ 2 places) ——~—===-->l

L ﬁ...oc’
‘/Chcnne!

0.75
4 ey
20 E0.05

T e —————

SECTION A-A

f 1.5
Corner Clip
FICURE 4,2-8 ASSEMBLY ANALYZED TO DEVELOP DATA
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TABLE 4.2-2, DIMENSIONS AND MATERIALS OF ASSEMBLIES ANALYZED

Assembly Type

Material

Size
Classification

Size,
Inches

Avionics Bay Panel

Fuselage Panel

Fuselage Door

Avionics Bay Panel

Fuselage Panel

Fuselage Door

Aluminum-1

Aluminum-2

Aluminum-3

Titanium~-1

Titanium-2

Titanium-3

UOw - NN B4

oaOw> [~Ne N -4

o= >

o0 WD
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24x36
24x72
48x36
48x96

24x36
24x72
48x36
48x%96

24x36
24x72
48x36
48x96

24x36
24x%72
48x36
48x%96

24x36
24x72
48x36

48x%96

24x36
24x72
48x36
48x96




4.2.4 Manufacturing Data for Airframe Assemblles

The following data for airframe assemblies are presented using
cost-estimating data (CED) and cost-driver effect (CDE) formats for
conducting trade-studies,
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Relative Cost of Installation®

EFFECT OF INSTALLATION METHOD FOR
ALUMINUM AND TITANIUM ASSEMBLES

5
Recurring
¢ EZ] Nonrecurring
Ti Ti
3
2
- Al Al
Ti Al
1 Al
Ll rar. | [ raw s p
oL %1 17 7
100% 80% 100% Manual 100% Manual
Automatic Automatic Rivet HI-LOK
Rivet Rivet installation installation
Installation instaliation (Clearance Fit)

*Includes the complete operation-hole

preparation and fastener seiting
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EFFECTS OF SEALING ON FASTENER INSTALLATION

COST ALUMINUM ASSEMBLIES

.

wejees 9o8ung

_

NN

/7

CED-MFA-III

g—E 8—< uE'—..m 4//////////
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Relative installation Cost
Per Fastener

EFFECT OF SEALING ON ASSEMBLY COST
ALUMINUM ASSEMBLIES

| Installed Wet and I
Fay Surface Sealed

1‘
'\ i
T

'\‘I\J

\‘

Installed Dry

Instalied Wet

N

(-]
L)
(=]

40

60 80 i

Percent Automatic Instaliation

CDE-MFA-lV
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EFFECT OF SEALING ON FASTENER INSTALLATION
COST TITANIUM ASSEMBLIES

~1oM IM
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Relative Installation Cost Per Fastener

EFFECT OF SEALING ON ASSEMBLY COST

TITANIUM ASSEMBLIES

1

inatalled Wet and Fay

Surface Sealed l
l
|
|

|

N ‘ ' instalied Wet 7
S~ ’ l

cccusugassws we dur o

+— -

0 20

40 60 80 100
Percent Automatic Installation

CDE-MFA-VI
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Relative Cost Per Fastener

COST EFFECTS OF INSTALLATION® METHOD,
ASSEMBLY MATERIAL AND FASTENER TYPE

5
£s E 5 338
8
os— 38 5t i —§3 —
£ £¥ x §
- .3.% 3z .5.2 §§§.
. Titanium Titanium
3
2
Titanium Aiuminum Aluminum
Titanium Ajuminum
1 Aluminum -
oA/

*installation inciudes the complete operation-hole
preparation and fastener setting Recurring Cost
Nonrecurring Cost

CDE-MFA-VII
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EFFECT OF SEALING ON FASTENER INSTALLATION
COST: ALUMINUM AND TITANIUM ASSEMBLIES .

50 Rivet Installed Dry | Rivet installed Wet |Rivet instalied Wet
] m:::efealant or I!vtlytl':\ ggmg:m
Sealant Man.
B M
. 4.0 an, §
: N
: N\ \
E o \ \ Man. \
§ B \ Man.\ \
g 20— Man. § §§ \§
: | §§ §§ \Nauto,

CDE-MFA-VIII
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INSTALLATION COSTS FOR ALUMINUM RIVETS

MAN-HOURS/ASSEMBLY (RECURRING)

70

60

50

40

30

20

10

C‘U
ro
(9]

INSTALLATION METHOD CURVE
INSTALLATION
REQUIREMENTS AUTO- | 80% AUTO
| MANUAL | MATIC 20% MANUAL
DRY 5 1 2
PRIMER OR
SEALANT ON 6 1 3
FASTENER ONLY
SEALANT ON
FASTENER AND 7 3 4
FAYING SURFACE
FOR NONRECURRING
TOOLING COSTS SEE 7
CED-MFA-3 _~
/ ’// °
/ L~
e ~
5
/ (// .
| é AQ/ —— —1
9/ e
-l
=
/
200 400 600 800 1000 1200
TOTAL FASTENERS IN ASSEMBLY
CED-MFA-1




INSTALLATION COSTS FOR TITANIUM RIVETS

90 T Y \ 1 v T -7 T
| i ] i Iy 1
- INSTALLATION METHOD CURVE
INSTALLATION AUTO- 80% AUTO
go|—{ TEOVIREMENTS MANUAL| MATIC | 20% MANUAL
| oRY 6 1 3 1
70
PRIMER OR
SEALANT ON 7 1 4
- | FASTENER ONLY
T)
Z  60}—{SEALANT ON
-3 FASTENER AND 8 2 5 !
S FAYING SURFACE
o B 8
11
<
50—
> 7
E:':' FOR NONRECURRING /
3 | | TOOLING COSTS SEE A
w CED-MFA-3 // v
n e -8
s 40 / -
P // vd
3 / , 7
z AN
Z 3 7
-3
// /,
e 5
/ /
20 //‘ // ——
3
maa
A// P — T
o - p—"
10 y/ %/ z'/ = %/L—— 1
L /’,
% =
0 1
0 200 400 600 800 1000 1200
TOTAL FASTENERS IN ASSEMBLY
CED-MFA-2




NONRECURRING TOOLING CTOST FOR
ALUMINUM AND TIiTANIUM ASSENEDLIES

p
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MANUAL RIVETING
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4.2.5 Ground Rules for Mechanically Fastened Assembly Section

The following General and Detailed Ground Rules for the Mechanically
Fastened Assembly Section were developed to establish the scope of the data
required and to establish guidance to MC/DG application. Ground rules are
necessary and important as they prowoie understanding, &asurz ccasistency,
uniformity, and accuracy in generating and integrating data into the

formats.

4,2,5.1 General Ground Rules

The general ground rules are categorized under the folléwing

major groupings:

(a)
(v)
{c)
(d)
(e)
(£)
(8)
(h)

First-Level Mechanically Fastened Assemblies (MFA)
Materials '
Assembly Methods

Facilities

Data Generation -~ Recurring Costs

Data Generation - Nonrecurring Costs

Test and Evaluation of Data

Support Function Modifiers,.

(a) First-Level Mechanically Fastened Assemplies (EFA)

(1)

(2)

The MFA were selected to provide, where possible, data
for more than one manufacturing assembly method to emnable
the designer to select the most cost~competitive method
in trade-~off studies by making cost comparisons.

The assemblies selected are representative of common
first-level structural lésemblies required in both

small and large aircraft. The majority of discrete

pirts utilized in these assemblies was selected from

the Demonstration Section for "Sheet Metal Aerospace
Discrete Parts", to form the foundation so that the

designer can modify the part, as required, to achieve
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the desired structural foundation and configuration.
The assemblies selected were an avionics bay panel, a

fuselage panel with a cutout, and a fugelage door

assembly.
(3) Drawings were developed defining the selected assemblies
in the required detail to conduct the cost estimating

analysis.

(b) Materials

(1) The materials selected for the assemblies are:
e Aluminum - 2024
e Titanium - 6Al1-4V.

(2) Raw materials and fastener costs are not included in
the HC/DG formats for MFA but were addressed in the
Fuselage Shear-Panel Trade-Off Studies.

(3) The material cost for the tooling was not included.

(¢c) Assembly Methods

(1) Only conventional methods of assembly were evaluated
to assemble the parts.

(2) A production environment was assumed for the selected
assemblies.

(3) To generate an effective manufacturing man-hour data

base for each selected assembly, the operatiomal

sequence for the applicable manufacturing technologies
was established reflecting the most economical pro-
cedure. The operational sequence was standardized
then used by each team member, as the standard, to

determine the base assembly cost. The operational

| sequences are indicated in Appendix E,
(4) Nonrecurring tooling costs (NRTC) for the manufacture
of the various assemblies were provided on the Data

Collection Forms.
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(d) Facilities

(1)

Only conventional or standard manufacturing facilities

available in the airframe industry were considered.

(e) Data Generation - Recurring Costs

(1)

(2)

3)

(4)

(5)

(6)
)]

(8)

(9)

(10)

Recurring man-hour data were generated for the complete

assembly process to include all hands-on-factory direct

labor operations from initial preparation for jig loading,

drilling, and fastener installation, to storage for the
next assembly phase.

A base cost was generated for each assembly type. This
base part was configuration Ila-1-size A (24 in x 36 in)
avionics panel assembly with 100 percent automatic
installation of fasteners common to skin and sub-
structure.

Designer-influenced cost elements (DICE) were treated

as separate cost elements over and above the base

The quantity for which the base assembly cost was
determined was unit 200.

Man-hours associated with DICE and other cost drivers
were identified.

The data were represented in man-hours.

Assembly time consists of the dire&t man-hours to set up
and complete the assembly operation.

Recurring tooling costs (tool maintenance, planning, etc.)

were not included.

In developing cost data for assemblies, the participating
companies used common, but proprietary, learning curves.
The assembly man-hours, as derived by each airframe
company, were normalized by BCL to reflect an industry

team average value for each assembly.
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(£)

(g)

(h)

(11)

For proprietary reasons, realization factors, includ}ng
personal fatigue and delay (PF&D), individual company
standards, and other business-sensitive information
employed at team member companies were not included in

the analysis or on the data sheets or MC/DG formats.

Data Ceneration - Nonrecurring Costs

(1)

(2)

(3

Tool fabrication man-hours were developed for each
assembly type. Tool design and tool planning man-
hours were not included.

The cost of production assembly tooling was restricted
to contract or project tools only.

Nonrecurring tooling costs (NRTC) generated by the
team companies were normalized by BCL for presentation
in the MC/DG formats for MFA.

Test and Evaluation of Data

{1)

Test and confirmation of the formats and integrated
data were accomplished by two team members. Each of
the remaining three team members was provided with the
data inserted on the MC/DG formats. In order to gain
confidence and ensure the validity of the formatted
data, the selected configurations were submitted to
cost-estimators in other team companies: These data
were then compared to the formatted data generated and
evaluated to assess its credibility. Any anomalies
were resolved and modifications incorporated, if
appropriate.

Support Function Modifiers

1)

Additional efforts other than factory labor, such as
quality control and assurance, manufacturing engineering,
and planning, were excluded from the assembly man-hour
data supplied to BCL. These modifiers may be included

later by MC/DG airframe company users.
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4.2,.5.2 Detailed Ground Rules

(1) Manufacturing sssembly methods evaluated:

(2)

(3)

(%)

(6)
)
(8)
(9
(10)

(11)

(12)

e Manual installation--impact of squeeze
® aAutomaiic installation-—-manual positioning.
Fastener types evaluated:
e Upset rivets
- Aluminum panel--AD rivets
- Titanium panels--bitmetallic titanium rivets
e Pins
- Titanium
e Collar
= Aluminum panel-- aluminum collar
- Titanium panel--Cres collar.
Flush fasteners were countersunk:
e No dimpling (skin gages selected were sufficiently
thick to meke dimpling unnecessary).
Hole preparation accomplished by combination of drill
and countersink,
Tolerances~~location and hole sizes corresponded o
individual company standards.
No shimming, fitup, or trimming of assembly,
Rivet heads were as driven with no shaving required.
No sealing required in baseline assemblies,
No mastered hard points or interchangeabi 'ty requirements.
Manual assemblies were assumed to be deburred at mating
surfaces,
No finishing, e.g., paint or prime, required after driving
fasteners.
All assemblies were evaluated in aluminum and titanium
materials.
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APPENDIX C

MC/DG FORMAT AND GROUND RULE LOCATOR FOR
AIRFRAMES AND ELECTRONICS




U.S. Air Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

GROUND RULE LOCATOR

Contract Numbem:
e F336815-75-C-8104
o F33618-77-C-5027
e F33615-79-C-5102
* F33615-85-C-5018

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Page
Type/Number Date and Ground Rules Numbers
Final Report No. September | o Sheet-Metal Aerospace Discrete
AFWAL-TR-80-4115 gggo Parts pe 1to7
Yolume Il
o Mechanically Fastened Assemblies 26 to 30
o Advanced Composites Fabrication 37 to 44
Final Report No. ¢ Machini
AFWAL-TR-83-4033 ning 4':2'161
vol. V-Machining 4.10-166
final Report No. o C site Fabrication -
AFMAL-TR-88-4049 ompo A
¢ Mechanically Fastened Assembly B-1 to
8-
¢ Superplastic Forming C-1 to
C-7




U.S.-Alr Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

GROUND RULE LOCATOR

- Contract Numbers:
o F33615.78-C-5194
o F33818-77-C-8027
o F33618-79-C-5102
* F336815-85-C-3018
Report Report Manufacturing Technology Page
Type/Number : Da'e and Ground Rules Numbers
Interim Report No. 2 e Test, Inspection and Evaluation (TI&E)
IR 4502/9-11" June
1980 = Shaet Metal Parts A=l to A-)
- Mschanically Fastened Asseablies A-6 to A-9
- Advanced Composites Fabrication A-10 to
A-13
- Machining A=l+ to
A-18
e Castings (Includes Castings TISE) A-19 o
A-25
Interim Report No. November e Forgings 86 to 91
IR 4502/9-VIII 1981
e [Extrusions 92 to 98




U.S. Air Force

ICAM “Manufacturing Cost/Design Gulde” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
* F33818-75-C-8104
v F33818-77-C-5027
* F33815-79-C-8102
o F33815-85-C-8018

MC/DG FOR AIRFRAMES
Report Report Manutacturing Technology Format Page
Type/Number Date and Format Development Stage Number |[Numbers
Final Report No. December CONCEPTUAL FORMATS
AFPML-TR-76~227 1976 .

¢ Forgings - 118-148

¢ Castings - 160-183

e Machining - 191-201

¢ Chemical Milling - 206-~22

e Surface Texture and Tolerances - 236-245

o Matal Forming - 253-267

e Fibarglass Laminatss - 270~292

¢ Surface Treatment - 298-302

o Welding - 311-318

¢ Adhesive Bonding - 324-344

e Machsnicsally Fastensd Assemblies - 347357

e WUgld-Bonding - 361-365

- 373-379

e Diffusion Bonding




U.S. Air Force
ICAM “Manutacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
o F33818-75-C-83194
e F338158-77-C-3027
o F33818-79-C-5102
o F33815-85-C-5018

MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage . Number |Numbers
Final Report No. September PUBLICATION FORMATS
AFWAL-TR-80-4115 1980 .
Volume I o Sheet-Mstal Fabrication Lowest
Cost Processss
-  Aluminum CED-A-1 to 81-104
CED-A-24
- Titanium CED-T~-1 to 108-116
CED-T-9
- Steel CED-S~1 to 120-129
CED-§-10
- Deslgaer-Influanced Cost DICE-O to 133-146
Elewents (DICE) DICE-13
e Comparison of Manufacturing CDE-P-1 to 150-152
.Technologies for Sheet-Metal CDE-P~I1Y

Asxospace Discrete Parts

e Comparison of Structural Sections |CDE-M-I and | 156 & 157
for Sheet-Metal Aerospace Discrete | CDE-M-1I
Parts : |cDE-M-1 to | 158-172

CDE-M-15

e Machanically Fastened Assemblies |[CDE-MFA-1 to | 193-200
CDE~MFA-VI11
CED-MFA-1

CED-MFA-3

204-206
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U.8. Air Force

ICAM “Manutacturing Cost/Design Guide™ (MC/DG)

FORMAT LOCATOR

Contract Numbers:
e F33615-75-C-5194
e F33615-77-C-5027
s F33615-79-C-5102
e F33615-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page
Type/Number Date and Format Developmant Stage Number Numbers
Final Report No. |September " PUBLICATION FORMATS
AFWAL-TR-80-4115] 1980
Volume I e Advanced Composites Fabrication
- Graphite/Epoxy CDE-G/E-1 to 225-231
CDE-G/E~VI]
CED-G/E-1 to 235-246
CED-G/E-12
- Designer Influenced Cost DICE-G/E-1 to 250-255
Elements (DICE) DICE-G/E-6
Final Report No. | March & Machining
AFWAL-TR-83-4033} 1985
Vol. V-Machining - Cost Hazards 4,10-26
to
4.10-28
- Cost Driver Effects CDE-M/C-1 to 4.10-37
CDE-M/C-XVII to
4.10-53
- Cost Estimating Data CED-M/C-1 to 4.10-55
CED-M/C-66 to
4.10-122
- General Machining Features CED-M/C-1 to 4.10-123
CED-M/C-XXIII to
4.10-146
- Nonrecurring Costs NRC-M/C-1 to 4.10-147
NRC-M/C-13 t0
4.10-160
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U.S. Air Force

ICAM “Manufacturing Cost/Design Guide™ (MC/DG)

Contract Numbers:
e F33€15-75-C-5194
e F33615-77-C-5027
¢ F33615-79-C-5102
e F33615-85-C-5016

MC/DG FOR AIRFRAMES

FORMAT LOCATOR

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers
Final Report No. | May Composite Fabrication
AFWAL-TR-88-4049] 1989
- Cost Driver Effects (Resin) CDE-CR-IA to 5-9 to |
. CDE-CR-VIIA 5-15
- Cost Driver Effects (Configuration)CDE-C/E-1 to 5-16 to
CDE-C/E-XII 5-27
- Cost Driver Effects (TI&E) CDE-TI&E-C/E~] to | 5-28 to
CDE-TI&E-C/E-V 5-32
- Cost Estimating Nata (Lineal CED-C/E-L1 to £-34 to
Shapes) CED-C/E-L34 5-67
- Cost Estimating Data (Lineal CFD-TI&E-C/E-L] to| 5-68 to
Shapes/TI&E) ZD-TISE-C/E-M2 |5-79
~ Cost Estimating Data (Panels) CED-C/E-P1 to 5-81 to
CED-C/E-~P20 5~100
- Cost Estimating Data (Panels/ CED-TI&E-C/E-P1 to] 5-110 to
TIAE) CED-TIAE-C/E-P8 |5-117
- Cost Estimating Data (Shear Webs)]|CED-C/E-W1 to 5-124 to
CED-C/E-W16 5-139
- Cost Estimating Data (Shear Webs/|CED-TI&E-C/E-W1 tof 5-140 to
T1&E) CED-TI&E-C/E-W12 | 5-151
- Cost Estimating Data (Assembly) |CED-C/E-Al to 5-153 to
CED-C/E-A3 5-155
~ Designer Influenced Cost Elements|DICE-C/E-1 to 5-101 to
(Panels) DICE-C/E-9 5-109
- Designer Influenced Cost Elements |DICE-TI&E-C/E-1 to| 5-119 to
(TIAE - Panels) DICE-TI&E-C/E-4 | 5-122
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U.S. Air Force

ICAM “Manufacturing Cost/Design Guide™ (MC/DG)

FORMAT LOCATOR

Contract Numbers:
e F33615-75-C-5194
o F33615-77-C-5027
¢ F33615-79-C-5102
s F33615-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers
Final Report No. May e Mechanically Fastened Assembly
AFWAL~TR-88-4049| 1989
(Continued) - Cost Driver Effects CDE-MFA-1 to 7-8 to
CDE-MFA-XXII 7-29
- Cost Estimating Data (Aluminum) |CED-MFA-1,2,5,6, |#*30,%31
7,10 & 12 >34 to
*36,%39
& 7-41
- Cost Estimating Data (Titanium) |CED-MFA-3,5,8,9, |7#32,%34,
13815 *37,%38,
F42 &
F44
- Cost Estimating Data |CED-MFA-16,18 & 19| %45,%47
(TI& - Aluminum) 748
- Cost Estimating Data CED-MFA-17 & 19  |7-46 &
(TI&E - Titanium) 7-48
o Superplastic Forming/Diffusion
Bonding (SPF/DB)
- Cost Driver Effects JCDE-SPF~I to 6-17 to
CDE-SPF-XXXVII 6-53
- Cost Estimating Data CED-SPF-1 to 6-54 to
' CED-SPF-13 6-66
- Test, Inspection & Evaluation CED-SPF-~14 to 6-67 to
(TI&E) CED-SPF-24 6-77
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U.S. Alr Force

FORMAT LOCATOR

Contract Numbers:

¢ F33615-75-C-5194
* F33615-77-C-5027
* F33615-79-C-5102
¢ F33615-85-C-5016

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

Report Report Manufacturing Tehnology Format Page
Type/Number Date and Format Development Siage Number |Numbers
Interim Report No, 2 DRAFT FORMATS
IR 4502/9-11 June
1980 Test, Inspection and Evaluation
(TI&E)
- Advanced Composgites Fabrication |CED-G/E- 35 to 49
TI&E-1 to
-- Graphite/Epoxy CED-G/E-
TISE-12
-- Designer-Influenced Cost DICE-G/E- 47 to 53
Elements TISE-1 to
DICE-G/E-
TI&E-7
Castings CDE-1C to 64 and 71
CDE-9C to 78
CED-1C to 65 to 70
CED-16C and
79 to 88
Interim Report No. March DRAFT FORMATS
IR 4502/9-V 1981
Castings - 38 to 44
Interim Report No. November CONCEPTUAL FORMATS
IR 4502/9-VIIl 1981
Forgings - A-ll tc
A-39
Extrusions - B-2 to -
B-15
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U.S. Air Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:

¢ F33615-75-C-.51904

* F33615-77-C-5027

s F33815-79-C-5102

o F33815-85-C-501¢8

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Pagwe
Type/Number Date and Format Development Stage Number {Numbers
Interim Report No. January PRE~-PUBLICATION FORMATS
IR 4502/9-1IX 1982
e Test, Inspection and Evaluation
(TIS&E)
= Sheet Metul
==  Aluminum CED-TI&4E~-A-1
to
CED-TI&E-A-24
== Titanium CED-TI&E-T-1
to

CED-TISE-T-9
-- Steel CED-TISE-5-i

to
CED-TISE-5-1Q

== Designer Influenced Cost DICE-TI&E-1

Elemeuts (DICE) to
DICE-TISE-6
= Coumparison of Manufacturing CDE~-TI&E~-P~I1
Technologies for Sheet-Metal to
Aarospace Discrete Parts CDE-TI&E-
' P-II1
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Il

U.S. Air Force

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
o F33615-75-C-5194
o F33815-77-C-5027
s F33615-79-C-8102
* F33615-85-C-5016
Report Report Manufacturing Technology Fo. ot Page
Type/Number Date and Format Development Stage Numover [Numbers
Interim Report No. | January PRE-PUBLICATION FORMATS
IR 4502/9-1IX 1982
e Test, Inspection and Evaluation
(TI&E)
~ Comparison of Structural CDE-TI&E-M-1
Sections for Sheet~Metal to
Aerospace Disctete Parts CDE-TI&E~
M-II1
CED-TISE-M-1
to
CED-TI&E-M-9
~ Mechanically Fastened FCED-TI&E-
Assemblies MFA-1 to
CED-TI&E-
MFA=-3
DICE-TISE-
MFA-1
~ Advanced Composites Fabrication
-- Graphite/Epoxy CDE-TISE~
G/E~1
CED-TI&E-
G/E-1 to
CED-TISE-
G/E-6
DICE-TI&E-
G/E-1 to
DICE-TI&E-
G/E~4
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U.8. Alr Force
ICAM “Manufacturing Cost/Design Gulde™ (MC/DG)

FORMAT LOCATOR

Contract Numbers:

F33815-75-C-8194
F33618-77-C-8027
F33615-79-C-5102
F330615-35-C-5018

. MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology . Format Page
Type/Number Date and Format Development Stage Number |Numbers

Interim Report No. January PRE-PUBLICATION FORMATS
IR 4502/9-1X 1982

o Test, Inspection and Evaluation
(TI4E)

= Machined Parts

==  Aluminum CED-TI4E-MP~
A-1l to
CED-TI4E-MP~
A-5

-~ Titanium CED-TIGE-MP~
T-1 to

CED-TISE-MP-
T4

-=- Steel CED-TIS&E-MP~
§-1 to
JCED-TI&E-MP-
S<4

== Comparison of Materials CED-TISE-MP-
M=1 to

CED=-TI4E-MP~
M-S

=- Designer-Influenced Cost DICE-TI&E~
Elements (DICE) MP-1

- Raw Castings CED-TI&E-C-1
to
CED-TI14E-C-3
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U.S. Air Force
ICAM “Manufacturing Cost/Design Guide” (MC/DQ)

FORMAT LOCATOR

Contract Numbers:
o F33615-75-C-5194
o F33615-77-C-5027
o F33815-79-C-5102
o F33815-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number [Numbers
Interia Report No. January PRE-PUBLICATION FORMATS
IR 4502/9-1X 1982
e Castings
- Raw Castings CDE-C-1 to
CDE-C-VII
CED-C-1 to
CED~C-6
DICE-C-1 to
DICE-C-3
- Machining of Castings ICDE-MC-1 to
CDE-MC-1I1
CED-MC-1 to
CED-MC-6
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U.S. Air Force

ICAM “Manufacturing Cost/Design Gulde” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
o F33815-75-C-85194
* F33815-77-C-8027
o F33618-79-C-5102
. * F33818-85-C-5018

, MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number [Numbers
Interim Report No. Jaduary DRAFT PORMATS
IR 4502/9-1X 1982
¢ Forgings -
= Aluminums -

- Titanium

- Steel
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U.8. Alr Force

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:

* F33015-78-C-5194
* F33018.77-C-5027
e F33415-79-C-8102
o F33818-88-C-5016

MC/OG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page
Type/Number - Date and Format Development Stage Number |Numbers
Monthly Status 5 DRAFT FORMATS
Report No. & May
1980 Castings 1C to 25C |32 to 56
Monthly Status 3 CONCEPTUAL FORMATS
Report No. 21 November
1981 Forgings - A-ll to
A~39
Extrusions - 3-2 to
B-15
Monthly Status 10 CONCEPTUAL FORMATS
Report No. 22 December
1981 Extrusions - A-l and
A=2
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U.8. Alr Force
ICAM “"Manufacturing Cost/Design Guide” (MC/DG)

GROUND RULE LOCATOR

Contract Numbers:
o F33818-75-C-5194
* F334818-77-C-8027
o F33618-79-C-8102
o F33818-85-C-5018

MC/DG FOR ELECTRONICS
Report Report Manufacturing Technology Page
Type/Number Date and Ground Rules Numbers
Interim Report Wu. November o Electronics Pabrication, Assembly, and Test | 66 to 72
IR 4502/9-V11J 1981
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U.S. Alr Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
¢ F33815-75-C-5194
o F33815-77-C-5027
e F33615-79-C-5102
¢ F33015-85-C-5018

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number |[Numbers
Interim Report No. March DRAFT FORMATS
IR 4502/9-V 19€1
e Electronics Fabrication, Assembly,
and Test
- Interconnect, Irsertion and - 30-35
Soldering Process
Interim Report No. May DRAFT FORMATS
IR 4502/9-v1 1981
e Elactronics Fabrication, Assembly,
and Test
= Conceptual Design Phase CDE-E-1A 13-16
CDE-E-1I1B
CDE-E-1IVA
= Interconnect, Ingertion and - 18-26

Soldering Process
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U.8. Air Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
o F336815-75-C-5194
o F33818-77-C-5027
e F33818-70-C-5102
o F33815-85-C-80168

MC/DG FOR ELECTRONICS

.Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number |[Numbers

Interim Reporxt No. August PRE-PUBLICATION FORMATS

IR 4502/9-V11 1981

¢ Electronics Fabrication, Assembly
and Test

- Insertion Proécu: Printed CED-AD-1 to | B-l to
Wiring Assembly (PWA) CED-AD-1)3 B-13

- Soldaring Process: Printed CED-AD-I to | C-1 to
Wiring Assembly (PWA) CED-AD-XI11 c-13

Interim Report No. November PRE~PUBLICATION FORMATS
IR 4502/9-V1Il 1981

e Electronics Fabrication, Assembly
and Test

~ Conceptual Design Phase CDE-E-1 to 31-65
CDE-E-VIB
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1).8. Air Force

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LLOCATOR

Contrsct Numbers:
o F33818-78-C-6194
¢ F33815-77-C-8027
¢ F33815-79-C-5102
o F33815-88-C-5018

Report Report Manufscturing Technology Format Page
Type/Number Date and Format Development Stage Number |[Numbers
Monthly Status 26 CONCEPTUAL FORMATS
Report No. 12 January
1981 & Electronics Fabrication, Assembly,
and Test
~ Conceptual Degign Phase - A-3 to
A~10
- Detailed Circuit Design Phase - B-3 to
B-1]
- Detoiled Mechanical Design Phase - C-3 to
C-10
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U.S. Air Force
ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
e F33015-75-C-3194
¢ F33818-77-C-8027
o F33875-79-C-5102
s F3%615-85-C-5018

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Typs/Number Date and Format Development Stage Number |Numbers
Monthly Status 1p PRELIMINARY FORMATS
Report No. 13 March
1981 e Electronics Fabrication, Assembly,
and Test
- Conceptual Design Phass CDF=-E-1 to | 24 to 36
CDE-E-V
~ Part Selection - A-1 to
. A=9
= Interconnect Between Components - A-10 to
or Assemblies A-15
- Process Electrical or - -] A-16 to
Mechanical A-21
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U.S. Air Force

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Contract Numbers:
o F33615-75-C-5194
s F33615-77-C-5027
e F33615-79-C-5102
* F33615-85-C-5018

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format ‘Page
Type,/Number Date and Format Deveiopment Stage Number |{Numbers
Monthly Status 15 DRAFT FORMATS
Report No. 14 April
1981 Electronics Fabrication, Assembly,
and Test
- Interconnect, Insertion and - 10 to 15
Soldering Process
lonthly Status 15 DRAFT FORMATS
Report No. 16 June
1981 Electronics Fabrication, Assembly,
and Test
- Conceptual Design Phase CDE-E-IA 9 to 13
. CDE-E-IIIB
CDE-E-IVA
CDE-E~IVC
- Interconnect, Insertion and - 18 to 26
Soldering Process
Monthly Status 23 DRAFT FORMATS
Report No. 17 July
1931 Electronics Fabrication, Assembly
and Test
~ Insertion Process: Princed CED-AD-1 to | A-1 to
Wiring Assembly (PWA) CED-AD-13 A-13
- Soldering Process: Printed CED=-AD-I to | B-1 to
Wiring Assembly (PWA} CED=-AD-XTII B-13




U.S. Air Force

ICAM “Manufacturing Cost/Design Guide” (MC/DG)

FORMAT LOCATOR

Tontract Numbers:
o F33618-78-C-5194
o F33818-77-C-8027
¢ F336815-79-C-5102
* F33615-85-C-5016
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